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Philipp M. Hunger 
Ulrike G.K. Wegst, Ph.D. 
 
 
 
 
Porous materials are highly sought after for applications ranging from catalyst carriers to tissue 
scaffolds. Most applications require clearly defined structural features and a specific mechanical 
performance. Therefore, it is essential to establish systematic structure-property-processing 
correlations to be able to tailor both structure and mechanical properties for a particular 
application. 
 Because the introduction of porosity is detrimental to the mechanical performance of 
highly porous structures, it is necessary to generate a structure that allows for the mechanical 
properties to be maximized. One example for such a structure are honeycombs. In addition to 
the porosity and pore morphology, the scaffold’s performance depends on the properties 
inherent to the material from which it is made. Polymeric foams possess high toughness but low 
stiffness, whereas ceramic foams possess high stiffness but low toughness. Natural composites 
like bone, antler and nacre have both high stiffness and high toughness. This unusual set of 
mechanical properties is thought to be intricately linked to the multi-level hierarchical 
composite structure present in these materials. 
 Great potential for the fabrication of stiff, strong and tough porous scaffolds is thus 
seen in nacre-like composite materials with a hierarchical, honeycomb-like structure.  Freeze 
casting is a method with which such hybrid materials can be made, adding the third dimension 
to nacre by forming a highly porous, hierarchical bulk material, with dense, nacre-like cell 
walls. The nacre-like cell walls self-assemble during the directional freezing of a water-based 
ceramic-polymer slurry. 
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 Reported here are structure-property-processing correlations observed in these 
materials. They are unusual, because they are, like nacre, solely glued by a polymeric phase and 
not processed further by sintering. The results illustrate several pathways to control both 
structure and mechanical properties in freeze-cast composites and highlight the considerable 
gain in stiffness, strength and toughness that can be achieved when the cell walls have a nacre-
like structure. As an example for their application, the great promise of freeze-cast hybrid 
scaffolds for bone tissue engineering is illustrated. 
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Chapter 1: Introduction 
 
A large proportion of research in materials science focuses on the function and properties of 
bulk materials, some of which are very complex and attractive because they change properties 
with a reduction in size. Thin films and quantum dots, for example, are in principle bulk 
materials that can add to the more common three-dimensional (3D) structures, 2D and 1D 
shapes and arrangements. This facilitates a precise control over the nanostructures formed and 
changes in their properties that result from space confinement. Still, these materials are bulk 
materials in the sense that they are fully dense and not porous.  Another strategy with which the 
properties of a material can be changed and extended is the addition of porosity.  This thesis 
focusses on such porous materials.  Described in the following are how porous materials are 
made and how their structure and with it their properties can be controlled, thus the structure-
property-correlations in porous or cellular materials.  
1.1 Porous Materials 
The inclusion of porosity in a material is attractive for many fields of materials research as it 
allows for a change of structure and functionality to achieve a combination of properties which 
cannot be achieved with a fully dense bulk material. Examples of such porous materials are fuel 
cells, catalyst carriers, tissue scaffolds, filters or light-weight structural components for 
aeronautic applications. While some of these materials may be easily classified as either 
structural or functional, many cellular materials include porosity to achieve both a specific 
structure and a desired function to suit a particular application (Figure 1.1). Pores in the material 
reduce its density and provide space for a second phase. They further provide interfaces for 
reactions or interactions to take place. For example, in structural elements for aviation 
applications, performance (stiffness, strength) at low density is of great interest as it reduces the 
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fuel consumption during flight. Functional materials like panels for thermal insulation benefit 
from the inclusion of pores to provide voids with a low thermal conductivity. Impact absorbing 
materials or catalyst carriers provide both structure and function, but rely for their performance 
primarily on one of the two. However, several materials exist in which structure and other 
functionalities are of equal importance for their performance. They need to simultaneously 
provide structural strength, facilitate the integration of a second phase and provide in addition to 
mechanical also structural and chemical cues for a successful interaction between the scaffold 
and this second phase. Fuel cells and tissue scaffolds are examples for this. 
To be successful, tissue scaffolds have to fulfill several requirements. They have to 
include a significant amount of porosity to allow for the ingrowth and migration of cells, the 
transport of nutrients and metabolic waste as well as for innervation and vascularization. The 
materials from which they are made have to be biocompatible, possibly biodegradable, and they 
have to include the necessary mechanical, biological and chemical cues to guarantee that the 
scaffolds are well integrated and not rejected by the host organism. Additionally, they have to 
provide sufficient mechanical properties, namely strength, stiffness and toughness to withstand 
forces acting at the implantation site during regular static and dynamic loading conditions as 
well as during the implantation and healing (loads applied during surgery, impact of surgical 
instruments or wound healing contractions). As the introduction of porosity is detrimental to the 
mechanical properties of a structure, the choice of material is a decisive factor when trying to 
obtain a highly porous yet mechanically strong scaffold. 
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Figure 1.1: Importance of structure versus function in porous materials. Many materials include 
porosity to combine structure and function in the desired application. 
 
 
 
1.2 Materials Selection for Biomedical Applications 
While the properties of cellular materials are significantly affected by the included porosity, an 
appropriate choice of materials for a particular application is critical. Especially in the case of 
tissue scaffolds, where the success of the implant depends on the mechanical, biological and 
chemical interactions of the implanted material with the surrounding tissue and cells, a careful 
selection of materials is necessary. Firstly, the materials have to be biocompatible and have to 
be proven in in vitro and in vivo studies not to illicit any immune responses by cells and tissue 
present at the site in question (Ramakrishna et al. 2001). 
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After these initial investigations, the structural features and the mechanical performance 
have to be evaluated. The mechanical properties of the implant are important for a successful 
integration into the biological system. If the mechanical properties of the implant are too 
different from those of the surrounding tissue, it will not be possible to expose the implantation 
site to common loads and the structure would fail. Lower properties can only be tolerated in the 
case of a non-load bearing application. If the mechanical properties, especially the stiffness, are 
much higher than those of the surrounding tissue, all load will be carried and transferred 
preferentially by the implanted structure (Huiskes et al. 1992). This development is literally 
fatal for the surrounding tissue, especially in the case of bone, because bone growth is load- or 
stress-controlled during the modeling and remodeling processes. Bone is strengthened by an 
increased matrix-deposition when local stresses increase but loses strength when local stresses 
decrease for a longer period of time (Wolff 1986). Thus, if parts of the natural bone experience 
a lower stress level, bone matter adjacent to the implant will be removed because of increased 
bone resorption by bone-removing cells (osteoclasts). This phenomenon is termed stress-
shielding and can result in implant loosening and local inflammation and, ultimately, implant 
failure (Engh et al. 2003). Figure 1.2 shows a plot of Young’s modulus versus fracture 
toughness for natural materials and biomaterials that are currently used in commercial implants. 
The comparison shows that there is a significant difference in the mechanical properties 
between, for example, metallic implant materials and natural mineralized tissues like bone. 
Hence, even though the metals of these implants are biocompatible, the mismatch in mechanical 
properties is expected to result, ultimately, in complications when these materials are used for 
bone substitution, for example. 
One way to overcome the problem of a modulus mismatch would be to choose a 
different bulk material or, similar to the natural tissue, a composite material that better matches 
the mechanical properties of natural bone. A composite made from a polymeric matrix and a 
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filler of ceramic particles could, for example, provide the desired mechanical properties. 
Another approach is to adjust the properties of the bulk material by introducing porosity into it 
that decreases its mechanical properties. For the materials shown in Figure 1.2, this would mean 
that the properties of the metals (shown in red) or bioceramics (blue) could be brought down 
into the range of natural bone (yellow). 
 
 
 
 
Figure 1.2: Fracture toughness and Young’s modulus of synthetic and natural biomaterials as 
well as natural mineralized tissues (Wegst et al. 2010). 
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1.3 Structure-Property Correlations 
When introducing porosity into a structure, it is important to understand which effect such 
porosity has on the properties of the material. Due to the reduction of the fraction of load 
bearing material, the mechanical properties decrease. However, the amount by which the 
properties decrease varies significantly with the shape of the pores, the pore size distribution 
and the amount of porosity. When designing a tissue scaffold, for example, there are several 
requirements for pore sizes and pore size distributions that need to be met; for the ingrowth of 
bone cells, for example, pores with a diameter of 50 to 150 µm are desired (Petrie Aronin et al. 
2009). For vascularization (formation of new blood vessels), slightly larger pores with a 
diameter >150 µm are required (Zeltinger et al. 2001; Klenke et al. 2008). Pores with a diameter 
below 50 µm facilitate the transport of fluids through the scaffold to provide cells with essential 
nutrients and oxygen. These different requirements for different tissues and functions mean that 
both pore size and mechanical properties have to be optimized for a given application. 
Gibson and Ashby established a model to estimate the properties of porous or cellular 
materials based on the amount of porosity, the pore morphology and the bulk material 
properties from which they are made (Gibson and Ashby 2001). With this model, the 
mechanical properties for foams and honeycombs can be estimated for given boundary 
conditions that are defined by the host tissue or site (e.g. density, material properties, pore 
morphology). Thus, the Gibson-Ashby model provides structure-property correlations with 
which the experimental results on newly developed materials can be compared and evaluated.  
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1.4 Structure-Property-Processing Correlations 
Once the design requirements for the scaffold structure and properties have been determined 
and an appropriate material has been selected, it is necessary to find a production method with 
which this material can be structured into the desired architecture. Additionally, the chosen 
manufacturing process should be efficient and cost effective. From a processing point of view, 
the goal is to find a manufacturing route with which it is possible to tailor the structure at 
various hierarchical levels to, for example, vary the overall porosity while maintaining a 
constant average pore size or a constant pore size distribution within the structure.  
The porosity of our target system, bone, for example, varies significantly from site to 
site, whereas the required pore size for cell ingrowth remains unaltered. This example shows 
that ideally it should be possible to control structural and mechanical features independently 
from one another. To make this possible, systematic structure-property-processing correlations 
need to be established. These correlations will differ from material to material as well as from 
manufacturing process to manufacturing process. Lastly, when the correlations are theoretically 
established, they need to be empirically confirmed and possibly refined.  
Once structure-property-processing correlations can be successfully established, they 
will make it possible to create custom-designed scaffolds that can be tailored to the application 
and the site in question. While these correlations offer tremendous potential for the field of 
tissue engineering, the obtained knowledge will not be limited to this field, but will provide 
substantial information for the field of porous materials in general. 
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1.5 Objectives of Study 
The objective of the research presented in this thesis was to test the hypothesis that, during the 
manufacture of highly porous materials by freeze casting, composite slurries self-assemble into 
hierarchically structured hybrid materials, whose structure and properties can be carefully 
controlled through both slurry properties (particle size and geometry, particle to matrix volume 
ratio, thermal properties of the slurry) and processing parameters (sample freezing rate). 
 
The goal of this study was to gain a better understanding of the formation, structure and 
properties of such freeze-cast composite materials and the extraction of structure-property-
processing correlations. We created hierarchical polymer-ceramic hybrid scaffolds from a 
model material (chitosan-gelatin-alumina) and applied structure-property-processing-
correlations that were initially established for a model material to prepare biocompatible 
biopolymer-bioceramic scaffolds (chitosan-hydroxyapatite) for bone tissue engineering via 
freeze casting. Through the variation of freezing rates, the addition of ethanol to the slurries 
and the incorporation of different particle shapes and sizes (ceramic platelets) we were able to 
tune the porosity, the pore size and shape (first level of hierarchy) and the cell wall material 
(second level of hierarchy) as well as the mechanical properties and the failure modes. 
Furthermore, we established systematic structure-property-processing correlations of such 
materials that will benefit the field of bone tissue engineering in particular and the field of 
materials science in general. 
The objective of this work was the manufacture of highly porous bone tissue scaffolds made 
from a composite material to achieve superior mechanical properties that combine high 
stiffness, strength and toughness. As production technique, we chose freeze casting, which is 
the directional solidification of ceramic-polymer slurries. With this production technique, 
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honeycomb-like scaffolds with highly aligned porosity can be manufactured, which allow for 
the maximization of the mechanical performance in one strong direction. Further, composite 
materials can be directly structured in a one-step process. The goal was to be able to tailor the 
porosity and the pore size within the honeycomb-like structure at the first hierarchical level and 
to obtain a ceramic-polymer composite within the cell wall material at the second hierarchical 
level. Following a biomimetic approach, one of the main goals of this study was the fabrication 
of nacre-like cell walls of aligned ceramic platelets glued together by a polymeric phase within 
the composite scaffolds. 
In order to produce tailor-made composite scaffolds, structure-property-processing 
correlations were systematically established for the chosen processing technique and materials. 
To do so, the structure, porosity and the composite cell wall material were varied independently 
from each other and the respective influence on the performance of the fabricated scaffolds was 
investigated. For the evaluation of the structure-property-processing correlations, a model 
material consisting of alumina particles within a chitosan-gelatin matrix was used due to the 
ready availability of alumina particle sizes and shapes. 
For this alumina-chitosan-gelatin cell wall material, the overall porosity was varied 
while the pore size and the structural features within the scaffolds remained unchanged in a first 
set of experiments. This was achieved though the addition of varying amounts of polymer and 
ceramic to the starting slurries. 
In a second step, the pore size within the scaffolds, given by the lamellar spacing 
between adjacent lamellae was varied while keeping the overall porosity as well as the cell wall 
composition constant. This was achieved through a variation of the freezing rate during 
directional solidification as well as the addition of ethanol to the composite slurries prior to 
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freeze casting. The structural changes at the length scale of several tens of micrometers were 
considered the first hierarchical level within the structure. 
As a third variation, the overall porosity and the structural features (lamellar spacing) 
were kept constant but the particle size of the alumina particles within the cell wall material was 
altered. Further, the particle shape of the alumina particles was changed and platelets were used 
instead of spherical particles to investigate the influence of the particle shape on the 
performance of the composite scaffolds. The major goal of this thesis was to manufacture a 
nacre-like structure of highly aligned ceramic platelets in a polymer matrix within the cell walls 
to emulate the excellent mechanical properties of nacre in a biomimetic material. For both the 
variation of the alumina particle size and shape, the volume ratio of ceramic to polymer within 
the pore wall material was kept constant. Variations in particle shape and size within the cell 
wall material at the length scale of few micrometers to several nanometers were considered to 
be the second hierarchical level within the freeze-cast scaffolds. 
Lastly, the knowledge obtained with the model material was applied to a biocompatible 
bone tissue scaffold made from the bioceramic hydroxyapatite and the biopolymer chitosan. 
The scaffold’s mechanical performance as well as its microstructure were investigated and 
evaluated. 
1.6 Structure of Presented Work 
In Chapter 2 of this thesis, composites and hybrid materials are introduced and contrasted 
against each other. Models are presented with which the mechanical properties of composites 
and porous materials can be estimated. Furthermore, the materials selected for this study are 
introduced and discussed.  
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Chapter 3 follows with a description of possible production processes for foams and 
honeycombs. The freeze casting process, which is a directional solidification technique, is 
introduced and important principles and phenomena are presented and explained. Included are 
models, with which the structures that this process generates can be predicted based on the 
composition and thermal properties of the original solution or slurry. Properties such as the 
freezing front velocity are theoretically calculated, experimentally determined, and correlated 
with the resulting structural features such as the lamellar spacing. 
Chapter 4 details structure and properties of the freeze-cast hybrid scaffolds, which can 
be obtained through variations in the processing conditions. Two different approaches are 
presented: the control of the structural features by a variation of the freezing rate (1°C/min and 
10°C/min) as well as the tuning of the pore shape and size through the addition of various 
amounts of the additive ethanol (5%, 10%, 15% and 20%). The structural features are quantified 
and correlated to the scaffolds’ mechanical properties. In all experiments, the overall porosity as 
well as the materials’ composition are kept constant.  
In Chapter 5, the pore size and shape as well as the materials’ composition are kept 
constant, but the microarchitecture of the wall material is varied and its influence on the 
mechanical performance determined. Changes in the cell wall structure are achieved through a 
variation of the ceramic filler particle size and shape. Alumina particles of three different size 
distributions are used: small particles (S), large particles (L) and a bimodal particles size 
distribution of small and large particles (B). Additionally, a variation of the particle geometry is 
investigated through the use of alumina platelets (P). Lastly, the overall porosity is changed at 
constant pore size and shape and material composition. Thus, all variations of the composite 
scaffolds are realized and evaluated independently. 
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Finally, in Chapter 6, the principles of optimization and function determined through 
the careful study of the model material are applied to a biocompatible bone tissue scaffold. Both 
structure and mechanical properties are carefully measured and correlated to the materials’ 
performance. Finally, the performance of the materials of this study is compared to literature 
values of comparable materials and natural bone, revealing an excellent performance and the 
promise of both the freeze casting technique and the chosen biomimetic material system. 
Chapter 7 summarizes all findings of this study. Conclusions are drawn for the application 
of the processing techniques for the manufacture of porous materials whose structure and 
properties can be carefully controlled and tailored for numerous applications such as bone tissue 
scaffolds. Finally, future work is suggested for a continuation of the research presented here.  
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Chapter 2: Porous Hybrid Materials 
 
In this chapter, the concepts of composites and porous materials summarized in the introduction 
are presented in depth. The important aspects of composite materials and how their mechanical 
properties can be custom-designed are discussed and methods identified with which the 
mechanical performance of a synthetic composite material can be controlled. Additionally, the 
structure-property correlations in porous materials are analyzed in dependence of parameters 
such as porosity, pore morphology and cell wall material. Finally, the selection of materials for 
this study is explained and discussed. 
2.1 Composites 
In composite materials, materials scientists can combine properties that would not be achievable 
in a monolithic material. Such properties can range from electrical conductivity to optical 
appearance, from thermal insulation to corrosion resistance or from weight to wear resistance. 
In many applications for which composites are chosen, however, the goal is an improvement of 
the mechanical performance per unit weight. Examples are carbon fiber-reinforced polymers 
and particle-reinforced rubbers. The fibers or particles are added to provide high stiffness and 
strength to a polymer matrix which itself contributes high toughness, resulting in a composite 
that simultaneously is stiff, strong, and tough. Fiber-reinforced composites frequently possess a 
high anisotropy of their mechanical properties due to a directionality of the included fibers, 
while particle-reinforcement results in isotropic composites (Figure 2.1). 
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Figure 2.1: Schematic of a particle-reinforced composite (left) and a fiber-reinforced composite 
(right). While the particle-reinforced polymer possesses isotropic properties, the fiber-
reinforced polymer has a highly anisotropic mechanical performance. 
 
 
 
2.1.1 Rule of Mixture 
Two models are commonly used to describe the mechanical behavior of composites: the Voigt 
model and the Reuss model. Both are derived from a two-component structure of continuous 
and aligned phases such as a composite that is reinforced by long fibers, but apply different 
loading conditions. A schematic of the two cases is shown in Figure 2.2. In both cases, the 
interfaces between the two phases are assumed to be perfect to allow for a complete load 
transfer. 
2.1.1.1 Voigt Model 
The Voigt model describes the case in which the load is applied parallel to the long fibers and 
assumes that both phases, fibers and matrix, are strained to the same extent (Figure 2.2 a). 
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Thus, a homogeneous elongation is realized so that the strain of the composite is equal to both 
the strain of the matrix and the strain of the filler: 
 
fm    , (2.1) 
where ε is the strain of the composite, εm is the strain of the matrix, and εf is the strain of the 
filler. The composite stress can now be expressed in terms of the contributions of the two 
phases, where Vf denotes the volume fraction of the filler material: 
 
ffmfVoigtC VV   )1(,  . (2.2) 
From this expression, the modulus of the composite can be calculated: 
 
ffmf
VoigtC
VoigtC EVEVE  )1(,, 

 . (2.3) 
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Figure 2.2: Rule of mixture a) upper bound: the Voigt model describes the case of a load 
applied parallel to the fibers b) lower bound: the Reuss model describes the case of a load 
applied perpendicular to the fibers. 
 
 
 
This parallel case is dominated by the stiffer phase and thus provides an estimate of the upper 
limit of the achievable modulus. Hence, the Voigt model describes the upper bound. 
2.1.1.2 Reuss Model 
The Reuss model describes the case in which the load is applied perpendicular to the fiber 
alignment as shown in Figure 2.2 b, so that the two phases experience a different strain but are 
exposed to the same stress σ: 
 
fm    , (2.4) 
where σ, σm, σf are the the stresses carried by the composite, the matrix and the filler, 
respectively. Now, the composite strain can be expressed as the sum of the contributions of the 
two phases: 
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ffmfussC VV   )1(Re,  . (2.5) 
For the composite modulus it follows that: 
   ffmf fmussCussC EVEV
EE
E  1Re,Re, 
  . (2.6) 
In this perpendicular case, the modulus of the composite is dominated by the weaker phase. 
Therefore, the Reuss model provides an estimate for the lower bound. 
Most particle-reinforced polymer matrix composites have properties that fall in the 
range of the estimates according to the Reuss model because their stiffness is dominated by the 
relatively weaker polymer matrix (Kim et al. 2001). 
2.1.2 Halpin-Tsai Model 
Another well-established model for the estimation of the mechanical properties of composite 
materials is the Halpin-Tsai model (Tsai and Wu 1971; Halpin and Kardos 1976). It allows for 
the consideration of various particle geometries, including spherical particles, disks or rods (Li 
et al. 2005) and estimates the composite modulus EC as: 
 
mHTC EV
VE 



1
1
,  , (2.7) 
where η is: 
      mf mf EE
EE
/
1/
 (2.8) 
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and ξ is the so-called shape factor, which depends on the geometry of the filler particles and the 
loading condition. Typical particle shapes and loading conditions are shown in Figure 2.3, the 
corresponding values for ξ are listed in Table 2.1. 
 
 
 
 
Figure 2.3: Particle shapes and loading conditions as considered in the Halpin-Tsai model. 
Table 2.1: Shape factor ξ for three different particle geometries and loading directions as 
depicted in Figure 2.3. 
 
 
 
 Sphere Fiber (rod) Platelet (disk) 
Loading case    
1 ξ = 2 ξ = 2(l/d) ξ = 2(l/t) 
2 ξ = 2 ξ = 2 ξ = 2(w/t) 
3 ξ = 2 ξ = 2 ξ = 2 
 
 
 
The the Halpin-Tsai equation (Equation 2.7) has the same limits and is consistent with 
the rule of mixture; when ξ = ∞, the expression reduces to a case of isostrain as described by the 
Voigt model (Equation 2.3); when ξ = 0, it is reduced to the isostress-case as given by the Reuss 
model (Equation 2.6). A graphical representation for the three models is shown in Figure 2.4. 
The curve for the Halpin-Tsai model represents a composite including spherical particles; the 
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composite modulus estimated with the Halpin-Tsai model falls slightly above the one of the 
Reuss model. 
 
 
 
 
Figure 2.4: Graphical comparison of the Voigt, Reuss and Halpin-Tsai model. 
 
 
 
2.2 Hybrid Materials 
The term hybrid material was coined and defined by Ashby and Bréchet in 2003 and describes a 
refinement of the composite concept. The authors distinguish between a composite, which is a 
combination of two materials without special architecture, and a hybrid, which is a composite 
that additionally has a clearly defined architecture. This architecture is defined by the length 
scale, interfaces, shape and configuration of the composite’s phases to give a more holistic 
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description of the material (Ashby and Bréchet 2003). According to Ashby, “a hybrid material 
is a combination of two or more materials in a predetermined configuration, relative volume and 
scale, optimally serving a specific engineering purpose.”(Ashby 2005) This description 
corresponds well to another concept, namely that of structural hierarchy. It often appears in the 
context of composites and is a means to describe various design principles at different length 
scales. It further stresses that the composite’s performance is not only influenced by the choice 
of constituent materials but furthermore by the way in which they are combined and at which 
length scale they are present. Hybrid materials frequently are materials with a structural 
hierarchy that spans multiple levels ranging from the nano to the macroscale. 
Hybrid materials are remarkable because with them properties can be reached that 
exceed those of the upper bound of the rule of mixture (Voigt model) described earlier. This 
idea is illustrated in Figure 2.5, which plots the properties X and Y of a composite material on a 
linear scale. Hybrid material 4 combines the “strengths” of its constituent materials A and B. 
Number 3 describes the arithmetic mean or the parallel arrangement (Voigt model) of its 
constituents, whereas point 2 represents the serial arrangement (Reuss model) of the two 
constituents in which the weaker property determines the composite’s performance. Lastly, case 
1 describes the worst case scenario, in which the performance of the composite is a combination 
of the undesired properties inherent to its constituents. 
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Figure 2.5: Schematic showing possible property combinations of a composite made from the 
constituents A and B. Case 1 describes the worst case scenario in which the properties of the 
composite mirror the ‘weaknesses’ of both constituents. Cases 2 and 3 follow the rule of 
mixture, with 2 corresponding to the Reuss and 3 to the Voigt model. Point 4 represents a case 
of hybridization where the composite preserves the ‘strengths’ of its constituents and the 
obtained properties significantly exceed the rule of mixture (after (Ashby and Bréchet 2003)). 
 
 
 
In the case of Young’s modulus and strength, it is impossible to exceed the envelope 
represented by the Voigt model. In fact, most particle-enforced composites follow the lower 
bound, which is given by the Reuss model. Toughness, however, is a mechanical property that 
can be enhanced through hybrid materials design. This is because there is no rigorous rule of 
mixture for toughness. As an example, Figure 2.6 shows in a log-log plot of fracture toughness 
KIc versus modulus for technical metals, ceramics and composites a so-called ‘banana-curve’ 
according to which fracture toughness significantly decreases with increasing stiffness. 
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Figure 2.6: Fracture toughness plotted against Young’s modulus for synthetic materials 
(Espinosa et al. 2009). 
 
 
 
Interestingly, when plotting for engineering materials on a log-log plot toughness (work 
to fracture) G, in kJ/m2 which is correlated to fracture toughness and modulus as G = KIc2 / E, 
versus modulus E, most classes of engineering materials follow a straight line (Figure 2.7, 
curve 3). Their toughness decreases with increasing modulus (Figure 2.8). In contrast, several 
natural hybrid materials, such as bone, wood and insect cuticle, consisting of either a ceramic 
phase or fibers embedded in a polymer matrix, perform better than this. Their properties go 
“beyond the simple composite rule of mixture” as some authors write (Ortiz and Boyce 2008) 
and lie above the straight connection between the properties of their constituents (Figure 2.7, 
curve 4 and Figure 2.9). 
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Figure 2.7: Log-log diagram plotting toughness against Young’s modulus showing typical 
curves for engineering materials (curve 3) and certain natural composites including antler, bone 
and nacre (curve 4).  
 
 
 
 
Figure 2.8: Log-log plot of toughness G against Young’s modulus E. Most technical materials 
follow a straight line, their toughness decreases with increasing modulus. 
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2.3 Hybrid Materials Found in Nature 
A multitude of such mechanically successful hybrid materials can be found in nature where 
evolution resulted in very sophisticated combinations of materials and architectures. The tough 
‘natural ceramics’, antler, bone, dentin and nacre stand out (Figure 2.9). Natural ceramics all 
possess high stiffness and toughness, combine a ceramic and a polymeric phase and, on the 
microscale, possess a remarkable hierarchical architecture. In the field of biomimetics, 
especially bone and nacre have attracted great research interest over the last twenty years. Since 
nacre possesses significantly fewer hierarchical levels than bone, it appears, deceptively, simple 
to mimic its microstructure (Bechtle et al. 2010). Nevertheless, also the more complex bone 
structure has, for a long time, been of great interest in materials science, because a successful 
bio-inspired bone substitute would provide significant progress in the field of tissue engineering 
and implant technology. However, despite extensive research, biomimetic approaches for both 
systems have not resulted in the successful production of bulk materials. 
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Figure 2.9: Plot showing toughness against stiffness for various natural ceramics including 
nacre (mollusc shell) and bone (Espinosa et al. 2009). 
 
 
 
2.3.1 Nacre 
Nacre, also called mother of pearl, is a natural composite consisting of 95 vol% mineral 
(aragonite) platelets glued together by a polymer (protein) binder. It is found in the nacreous 
layer at the inside of seashells (Figure 2.10 a–c) and is, during a typical predator attack, loaded 
in tension due to bending of the entire shell structure. Nacre has a hierarchical structure as 
illustrated in Figure 2.10 d–g with 2 principal levels. At the first hierarchical level, asperities are 
found on the surface of aragonite platelets providing a nano-roughness, but also bridges with 
diameters of about 30 nm are present, connecting adjacent platelets (Meyers et al. 2008). The 
aragonite platelets have a hexagonal shape with a diameter of 5–10µm and a thickness of 200–
400 nm. At the second hierarchical level, the platelets are separated by a 20–30nm thick protein 
layer and arranged in layers to make up the bulk structure (Evans et al. 2001; Wang et al. 2001; 
Song et al. 2003). It has been shown that nacre possesses a toughness (work to fracture) which 
is two or even three orders of magnitudes higher than that of its ceramic constituent aragonite 
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(Jackson et al. 1988; Fratzl et al. 2004). Nacre’s fracture toughness, KIc, is at least one order of 
magnitude larger than that of aragonite, whereas its Young’s modulus is only lower by 20 to 
30% compared to the pure ceramic (Wegst et al. 2010). It’s toughness, G, is up to three orders 
of magnitude higher compared to the pure mineral aragonite. Figure 2.9 shows that nacre is a 
true hybrid material with exceptional properties that, in this combination, significantly exceed 
those of their constituent materials. It is thought that nacre’s outstanding mechanical properties 
are intrinsically linked to its hierarchical microstructure, in which the aragonite platelets are 
responsible for the high stiffness and the polymeric matrix provides high toughness (Gao et al. 
2004; Espinosa et al. 2009). The stiff and strong ceramic platelets within the structure are 
oriented parallel to the typically tensile loading direction and are thus loaded by normal stresses 
(Figure 2.11). Between platelets, stresses are transferred through the polymer via shear. This 
transfer is facilitated by the platelet’s high aspect ratio which results in large lateral surfaces for 
the transfer of these shear stresses. Hence, the exceptional set of mechanical properties is linked 
to both the combination of materials and the microstructure in which these materials are 
arranged. 
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Figure 2.10: Hierarchical structure of nacre. a) abalone shell with nacreous layer at the inside, 
b) Cross-section of the inner lining showing prismatic calcite (P) and nacreous aragonite (N), 
c) growth bands within the nacreous layer, d) columnar arrangement of aragonite platelet layers, 
e) top view of an individual aragonite platelet, f) side view of few aragonite platelets, g) surface 
asperities on the aragonite platelets (Luz and Mano 2009). 
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Figure 2.11: Scanning electron micrograph of nacre (Espinosa et al. 2009) and schematic of 
nacre’s architecture of highly aligned ceramic platelets in a polymer matrix (adapted from (Gao 
et al. 2003)). 
 
 
 
2.3.2 Bone 
Bone is another hierarchical composite found in nature that possesses exceptional mechanical 
properties as it combines stiffness, strength and toughness. Like nacre, it consists of ceramic 
platelets (hydroxyapatite) in a polymer matrix (collagen type I) and is a hybrid material whose 
properties exceed the predictions of the ‘rule of mixture’ (Figure 2.9). Besides the differences in 
material, bone has a lower mineral loading (60 vol%) compared to nacre and the hydroxyapatite 
platelets with a thickness of a few nanometers and an aspect ratio of 30 to 40 are much smaller 
than the aragonite platelets found in nacre (Gao et al. 2003; Fratzl et al. 2004). As shown in 
Figure 2.12, bone is a much more complex material with 6 hierarchical levels that play a role in 
the mechanical performance (Rho et al. 1998; Weiner and Wagner 1998). The aligned 
hydroxyapatite nano-platelets are embedded into collagen fibrils and reinforce these 
mechanically at the first hierarchical level (Fratzl and Weinkamer 2007). The fibrils are 
assembled into collagen fibers (second level) which in turn are arranged in lamellar sheets (level 
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three). At the fourth level of hierarchy, the lamellar sheets are arranged in cylindrical motifs, the 
osteons, with the Haversian canals in their middle. Finally, this Haversian system is arranged in 
parallel to the loading direction to form bone (level 5) which, at the sixth hierarchical level, is 
either spongy (cancellous or trabecular bone) or dense (cortical bone). 
 
 
 
 
Figure 2.12: Hierarchical Structure of bone (Rho et al. 1998). 
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Figure 2.13: Schematic of cancellous bone showing the high alignment of the hydroxyapatite 
crystals in the collagen matrix within a single trabecula. Image of bone from DeYoung 
(DeYoung 2009). 
 
 
 
Compared to nacre, bone’s stiffness is about one order of magnitude lower whereas its 
toughness is about one order of magnitude higher (Figure 2.9). This difference in mechanical 
performance can be explained by the different mineral to polymer ratios found in the two 
biomaterials. 
Furthermore, unlike other natural composites such as dentin, antler or nacre, bone can 
include a significant amount of porosity (cancellous bone, level 6). Such porosity is owed to an 
evolutionary weight-reduction, on the one hand, and on the other hand it a requirement for 
vascularization (growth of blood vessels) and innervation (growth of nerves) as well as for the 
constant remodeling processes of bone matter. In general, there are two different types of bone, 
cortical bone and cancellous bone (Figure 2.12 and Figure 2.13). While cortical bone has an 
increased mineral content and is almost fully dense, the most important difference is that 
cancellous bone includes a significant amount of porosity (Currey 1988). As a convention, bone 
with a porosity larger than 30% is considered cancellous bone; its porosity can be larger than 
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90% (Gibson 1985; Hodgskinson and Currey 1992). However, even at very high porosities, 
cancellous bone still possesses the described architecture of aligned hydroxyapatite platelets 
embedded in a collagen matrix (Rubin et al. 2003). The little struts found in the structure of 
cancellous bone, called trabeculae, always orient in the direction parallel to the applied loads 
(Figure 2.13) and thus a highly anisotropic macrostructure is developed (Huiskes et al. 2000). 
This optimization of cancellous bone for preferred loading directions allows for a weight-
reduction of the overall structure and is controlled by Wolff’s law (Wolff 1986). Wolff 
described the modeling–remodeling process in bone and found that the trabeculae in cancellous 
bone are constantly remodeled to allow bone to adapt to changes in the experienced loading 
conditions (Mullender and Huiskes 1995). As bones experiences highly anisotropic loading 
conditions, the developed structure is anisotropic, too (Katz 1980; Takano et al. 1999). In 
summary, cancellous bone is a highly porous, anisotropic hybrid material with a microstructure 
of highly aligned mineral platelets in a polymer matrix whose mechanical properties not only 
depend on its constituent materials and their microstructure but also on the amount and 
distribution of porosity.  
2.4 Porous Materials 
Porous materials offer efficiency due to low weight but pose a challenge, namely that the 
introduction of porosity significantly lowers the mechanical properties such as Young’s 
modulus, strength and toughness. According to Gibson and Ashby, three main factors determine 
the properties of a cellular material (Figure 2.14) (Gibson and Ashby 2001). Firstly, the overall 
porosity (or relative density) of the material, which is the amount of solid in the foam that 
assumes the tasks in question. Secondly, the pore morphology which, for example, determines 
whether structure and properties are isotropic or anisotropic. Thirdly, the material of which the 
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cell walls are made, which introduces properties inherent to the specific material, determines the 
cell wall properties and thus the overall performance. 
 
 
 
 
Figure 2.14: Three main factors influencing properties in cellular materials. Adapted from 
(Ashby 2006). 
 
 
 
Several models have been used and proposed in the literature to predict the mechanical 
properties of a cellular material in dependence of the porosity. Probably the best established is 
the Gibson-Ashby model, which classifies porous materials into two main groups: foams and 
honeycombs (Figure 2.15). Foams are cellular materials that incorporate equiaxed pores and 
consequently exhibit an isotropic structure and properties; honeycombs possess an anisotropic 
structure with one mechanically strong direction parallel to the long pore axis while the other 
two directions, perpendicular to it, have a significantly weaker mechanical performance.  
According to the Gibson-Ashby model, the properties of cellular materials scale with their 
relative density, f /s, which is the density of the foam or honeycomb, f, divided by that of the 
solid from which they are made, s. This approach is derived from considerations about the wall 
thickness t and the side length l within the “unit cell” of the structure as shown in Figure 2.15. It 
follows the expression 
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and thus correlates the relative density and the ratio of t and l. 
 
 
 
 
Figure 2.15: Schematic of equiaxed foam and honeycomb cell, indicating the length and 
thickness of the cell walls. 
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Table 2.2: Mechanical properties of cellular materials in dependence of the porosity (Ashby 
2006). 
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A list of the correlations of moduli and strengths with relative density is given in 
Table 2.2. For an equiaxed foam, Young’s modulus can be approximated by a quadratic 
correlation, for a honeycomb-like structure, by a linear one. While the estimated Young’s 
modulus of the cellular solid is independent of the failure mode of the structure, the strength 
significantly varies with the structure’s behavior upon failure. For both structure types, buckling 
results in the fastest decrease in strength with relative density whereas plastic bending and 
brittle crushing lead to approximately the same rate of decrease in failure strength (linear in the 
case of honeycombs, to the power of 1.5 in the case of foams). A graphical representation of 
these correlations is given in Figure 2.16 for Young’s modulus and in Figure 2.17 for strength. 
In both cases, the properties of the fully dense material can be found at the right. The straight 
lines starting at this point depict how moduli and strengths decrease with decreasing relative 
density, corresponding to increased porosity within the material. The behavior of honeycomb-
like structures is limited by the upper line whereas that of equiaxed foams is limited by the 
lower line. Thus, the mechanical properties of foams decrease faster with increased porosity 
than the properties of honeycombs-like structures. Important to note are the deviations between 
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the model prediction of property limits and empirical values; for the modulus, most foams fall 
below the line with slope 2 while for the strength, most real honeycombs fall below the line 
with slope 1 and most foams fall below the line with slope 1.5.  
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Figure 2.16: Relative modulus of porous materials plotted against relative density (Ashby 
2006). 
 
 
 
 
Figure 2.17: Relative strength of porous materials plotted against relative density (Ashby 2006). 
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The correlations show that honeycombs in their strong direction are significantly more efficient 
than foams: while for example Young’s modulus of an equiaxed foam decreases quadratically 
with a decreasing relative density, that of a honeycomb structure decreases only linearly with 
the relative density. At an overall porosity of 90%, honeycombs are one magnitude stiffer than a 
foam; at a porosity of 99% their stiffness exceeds that of the foam by two magnitudes.  Similar 
correlations are shown for the strength of the materials.  Hence, for a given overall porosity, the 
mechanical properties can be maximized in one direction by choosing a honeycomb design.  
However, the cellular solids’ properties are not only a function of the relative density 
and the pore morphology, but also of the solid from which they are made.  Thus, there are three 
properties with which the mechanical performance of a porous material can be custom-
designed: the amount of overall porosity, the pore size and shape and the wall material. A 
straight-forward way to increase the mechanical properties is to decrease the porosity within the 
structure during the manufacturing process. In practice, however, where the amount of the 
overall porosity is a given requirement, two variables can be manipulated: the pore shape and 
the wall material. The pore morphology of the cellular solid is determined by the manufacturing 
process employed. Pore shape, pore orientation and pore size distribution are important factors 
to be considered in this context. They not only affect the failure mode of the structure but 
furthermore decide if the properties of the cellular solid are isotropic or exhibit a preferred 
orientation. 
Depending on the choice of solid material from which the cellular structure is to be 
made, a suitable production method has to be chosen. Most processing routes are limited in their 
applicability to certain classes of materials (polymers, ceramics, metals, or composites). Equally 
important is the desired application of the porous structure; which may require specific 
properties of the material such as a high electrical conductivity, low thermal conductivity, or a 
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high stiffness. For most applications, however, a combination of several properties is desired as, 
for example, in lightweight structural elements, which possess fire-retardant properties, or tissue 
scaffolds, which provide high stiffness, strength and toughness at high porosity, but also provide 
the necessary biological and chemical cues for tissue regeneration. Composites allow for an 
optimization of the structure’s performance within given local constraints and enable 
researchers to simultaneously fulfill diverse requirements. The creation of highly porous 
composite materials is thus a promising route to achieve such multifunctional materials.  
2.5 Materials Selection for Model Material 
To fabricate the hybrid scaffolds with composite cell walls, of this study, biopolymers and 
ceramics were combined. While chitosan or a mixture of chitosan and gelatin were chosen as 
matrix material, alumina or hydroxyapatite (HAp) of various particle shapes and geometries 
were selected as ceramic fillers. Chapters 4 and 5 describe research conducted with a 
biopolymer-alumina composite model material. In Chapter 6, a biodegradable composite 
material of chitosan and HAp is used for the presented research. 
2.5.1 Biopolymers 
2.5.1.1 Chitosan 
Chitosan is a linear polysaccharide derived from chitin, the second most abundant 
polysaccharide in the world, which is found in the exoskeleton of arthropods including insects, 
arachnids and crustaceans. Chitosan is obtained through deacetylation of chitin. Its repeating 
unit is shown in Figure 2.18. The degree of deacetylation is determined by the ratio of 
deacetylated units (D-glucosamine) to acetylated units (N-acetyl-D-glucosamine). Most 
commercially available chitosan powders have a degree of deacetylation ranging from 50 to 
90% (Madihally and Matthew 1999). 
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Figure 2.18: Repeating unit of chitosan. The ratio of deacetylated NH2 groups to acetyl groups 
determines the degree of deacetylation. Commercially available chitosan powders have a degree 
of deacetylation in the range of 50 to 90% (Madihally and Matthew 1999). 
 
 
 
Chitosan is not soluble in water or aqueous solutions with a pH greater than 6. However, 
chitosan can be dissolved in dilute acid solutions with a pH less than 6. At such a pH, the free 
amino groups become protonated resulting in chitosan’s solubility in water. This allows for the 
processing of chitosan with environmentally benign water-based technologies. 
Numerous chitosan-based implants have been examined in terms of their biological 
response and only minimal foreign body reactions have been observed. Furthermore, no fibrous 
tissue encapsulation was reported, as would be the case for bioinert implants (Francis Suh and 
Matthew 2000). In vivo studies in mice, for example, showed only minimal signs of 
inflammation due to the presence of chitosan (VandeVord et al. 2002). Similar results were 
reported for in vivo studies in rats, where chitosan microspheres were implanted and the adverse 
reactions investigated (Peluso et al. 1994; Mi et al. 2002). Additionally, chitosan is 
biodegradable and thus offers a scaffold material that can be completely resorbed within the 
human body over time (Tomihata and Ikada 1997; Freier et al. 2005). Hence, chitosan is a 
highly attractive material for the fabrication of tissue scaffolds. 
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Especially for bone tissue scaffolds, chitosan has been investigated due to its 
biodegradability and its osteoconductive potential. Fakhry et al. showed that chitosan 
preferentially supports the attachment and spreading of osteoblast compared to fibroblasts. As 
shown in Figure 2.19, after one hour of incubation, the attachment of osteoblast was 
significantly higher than that of fibroblasts (Fakhry et al. 2004).  
 
 
 
 
Figure 2.19: Cell count assay after 1 h of incubation of A) fibroblasts and B) osteoblasts on non-
coated glass cover slips compared to chitosan-coated glass cover slips (Fakhry et al. 2004). 
 
 
 
2.5.1.2 Gelatin 
Gelatin is a protein-derived natural polymer, which is obtained through hydrolysis and 
denaturation of collagen. Collagen is, in its various forms, present in connective tissue of 
mammals, tendons, skin, bones and cartilage. When mixed with water, gelatin forms a gel that 
can be liquefied upon heating, and solidified upon cooling, which makes it a valuable stabilizer 
for the food industry. It has further been used as a clarification agent for liquids including juices 
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and wine and a protective coating on photographic paper as well as for encapsulations and drug 
carriers for the pharmaceuticals industry (Djagny et al. 2001). 
There exists a considerable body of literature on the use of gelatin as a biomaterial for 
tissue scaffolds, both with and without crosslinkers (Yao et al. 2004; Zhang et al. 2007). Due to 
its similarity to extra cellular matrix (ECM), its ready availability and its low cost compared to 
collagen, gelatin has been the material of choice for many biomedical studies (Kang et al. 1999; 
Lien et al. 2009).  
Being a direct derivative of collagen, gelatin offers the great opportunity to directly use 
collagen-rich material, harvested from animals, demineralized and denatured as a scaffolding 
material (Iwata et al. 1981; Li et al. 2006). Several researchers suggested that this bone derived 
gelatin (BDG) still contains some of the signaling information inherent to the original tissue and 
that this information promotes cell adhesion, differentiation and proliferation (Lien et al. 2009). 
This hypothesis is supported by successful in vitro experiments, in which chondrocytes were 
grown on BDG scaffolds and formed tissue very similar to human cartilage (Li et al. 2006). The 
drawback of gelatin is that the signaling information may not only be advantageous, but also 
problematic, when implanted into the human body, leading to an increased immune response 
and foreign body reaction.  
2.5.2 Alumina (Al2O3) 
Alumina, Al2O3, is an oxide ceramic formed when the metal aluminum is oxidized. Industrially, 
it is obtained from bauxite, an aluminum ore, through the Bayer-process in which alumina is 
dissolved in heated sodium hydroxide solution to form aluminum hydroxide. Upon cooling, 
aluminum hydroxide precipitates out of the solution, and when calcined, decomposes into 
alumina and water (given off as vapor) (Hind et al. 1999). 
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Alumina is known for its hardness and high thermal conductivity (for a ceramic) as well 
as its chemical inertness, making it widely used as an abrasive, catalyst carrier and filler in 
polymer matrices for composites (Pines and Haag 1960; Ilmaier 1977; Sanchez and Herrera 
1981; Sawyer et al. 2003). Alumina, having a modulus of 370 GPa, a yield strength of 260 MPa 
and a Vickers hardness of 16 to 24 GPa offers great potential to significantly improve both the 
mechanical behavior and the wear resistance of polymer-based composites (Skrovanek and 
Bradt 1979; Shackelford and Alexander 2000). Durand et al., for example, reported that the 
wear resistance of epoxy-based systems could be increased by a factor of 50 through the 
inclusion of alumina particles (Durand et al. 1995). Wetzel et al. published results, showing that 
the Young’s modulus of an epoxy resin was increased by 40% when adding 10 vol% alumina 
particles while the strength could be increased by about 10% (Wetzel et al. 2003). 
Possessing high stiffness and strength paired with chemical inertness, alumina was also 
considered for the application as a biomaterial (Ramakrishna et al. 2001). According to 
Ramakrishna et al., alumina is widely considered a biocompatible material and several total hip 
implants containing alumina are commercially available. However, alumina is not bioactive and 
if used in a tissue scaffold would lead to fibrous encapsulation instead of integration of the 
implant (Li et al. 1994). Thus, its use as a biomaterial is limited to bulk implants such as the 
balls and sockets in hip joints, rather than as ceramic filler in bioactive tissue scaffolds. 
We chose alumina as model material for the polymer-ceramic composites presented in 
this study, because it is readily available in various particle shapes and sizes, has attractive 
mechanical properties as well as the already reported chemical inertness. 
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Chapter 3: Freeze Casting to Produce Porous Scaffolds 
 
Numerous production methods for the creation of porous materials exist; some of them are 
limited to monolithic materials, others require very time- and labor-intensive procedures. Most 
importantly, however, the huge variety of desired applications makes it impossible to present a 
complete picture of the available techniques. Summarized below are those that are typically 
used for the manufacture of porous materials for biomedical applications such as tissue 
scaffolds. 
3.1 Production Methods for Porous Materials 
A large body of literature exists that describes the materials and production routes used to 
produce bone tissue scaffolds. For ceramic scaffolds, replication techniques have been used in 
which a highly porous polymer sponge is dipped into a viscous ceramic slurry and subsequently 
sintered. As the polymer sponge is burned out and the ceramic particles fuse during the sintering 
process, a ceramic scaffold remains, which was templated by the polymer sponge (Ramay and 
Zhang 2003). A similar process is the burning out of polymer placeholders, such as polymer 
beads from a ceramic matrix during a sintering process, to create porosity (Liu 1997; Li et al. 
2003). Both techniques are thus applicable only to sintered ceramics and the structures that can 
be created are limited to the size, shape, and architecture of the sacrificial polymer sponge or 
placeholder. 
If sintering is not necessary and the polymer binder gives the ceramic body enough 
strength for a particular application, spaceholders can just be leached out after compaction of 
the green body to create pores within the material (Tadic et al. 2004). Another method, with 
which polymers and ceramics can be structured, is a partial sintering of loosely packed spherical 
particles, just enough to fuse the material, leaving behind pore spaces in the gaps between the 
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particles (Deng et al. 2002). However, only low porosities (<40%) can be achieved due to the 
rather high random packing density of the particles (>60%). Solid freeform fabrication, or rapid 
prototyping, is a computer aided technique in which a polymer, ceramic or composite paste is 
forced through a nozzle and, in a fashion akin to an inkjet printer, a structure is written layer by 
layer (Cesarano 1998; Franco et al. 2010). Unfortunately, the technique is rather complex and 
expensive, and the nozzle size limits the size of the producible structural features (typically 
>100 µm) (Miranda et al. 2006). Solvent casting involves the mixing of a polymer in an organic 
solvent and the addition of ceramic particles. Subsequent evaporation of the solvent creates 
voids in the structure. This processing technique can be further combined with particle leaching 
to achieve higher porosities (Cao and Kuboyama 2010). Disadvantages of this otherwise highly 
attractive method are the denaturation of biomolecules or proteins during processing and a 
possible remainder of toxic solvent in the structure (Rezwan et al. 2006). 
More environmentally friendly and biologically benign forms of solvent casting are 
non-directional freezing and directional freeze casting. In these, different components like 
polymers or ceramics are dissolved or dispersed in a liquid carrier, which frequently is water-
based. The solution or slurry is then frozen and subsequently lyophilized to create porosity 
(Liao et al. 2004; O'Brien et al. 2005). Shortcomings exist in the non-directional form of 
freezing which lacks control over the freezing rate and the correlated pore size. As the samples 
experience a significantly larger cooling rate in the outer layers, an increasing amount of 
randomly structured porosity is observed towards the inside of the sample (O'Brien et al. 2004). 
Furthermore, the foams’ porosity is often closed and not connected, limiting their success as 
tissue scaffolds. Through directional solidification, the basis of freeze casting, these problems 
can be overcome. It provides a precise control of the freezing rate, pore size, structure and 
orientation due to an oriented growth of the ice crystals along a well-defined temperature 
gradient. (Tong et al. 1984; Fukasawa et al. 2001; Araki and Halloran 2004). The resulting 
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porosity is interconnected as it was templated by the directionally extending ice crystals, and the 
scaffold’s mechanical properties are higher due to a honeycomb-like structure (Gibson and 
Ashby 2001; Wegst et al. 2010). 
3.2 The Freeze Casting Process 
Freeze casting capitalizes on the controlled directional solidification of a slurry or solution and 
results in highly aligned, porous structures. The slurries or solutions consist of a liquid vehicle 
in which the desired materials and possible additives are dissolved or dispersed before freezing 
(Wegst et al. 2010). As a liquid vehicle, water, camphene, naphtalene-camphor and tert-butyl 
alcohol have been reported with the majority of studies focusing on aqueous solutions and 
slurries (Sofie and Dogan 2001; Araki and Halloran 2004; Araki and Halloran 2004; Deville et 
al. 2006; Chen et al. 2007; Lee et al. 2007). The basic principle behind the technique is the 
solidification of the liquid vehicle which results in a phase separation: pure crystals grow, reject 
the dissolved or dispersed matter and concentrate it in between the growing ice crystals. Thus, 
regions are created which consist either of the pure, solidified solvent or of the concentrated 
solid material, depleted of solvent. As the solidifying region grows directionally along the 
temperature gradient, highly oriented and aligned architectures are formed (Ezekwo et al. 1980; 
Tong and Gryte 1985; Deville et al. 2006). Depending on the nature of the liquid vehicle, matter 
dissolved and additives used, either lamellar or columnar crystals grow, which template the 
incorporated material as a negative of the formed crystals. Once the material is completely 
solidified, the former liquid vehicle can be removed through sublimation which allows for the 
conservation of the templated structure of the second phase, the formerly dissolved or dispersed 
material. As only water was used throughout the research presented in this thesis, all 
explanations will be limited to the case of water-based slurries and solutions in the following. 
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Water typically freezes in the shape of flat, hexagonal crystals, where the growth along 
the c-axis is 100–1000 times slower than the growth along the a-axes (Figure 3.1) leading to the 
formation of thin ice lamellae (Jackson et al. 1967; Hobbs 1974; Petrenko and Whitworth 
2002). As the driving force for the crystal growth is local undercooling (which depends on the 
temperature gradient), the crystals orient with their a-axis parallel to the solidification direction. 
Water diffuses to the growing ice crystals, thereby rejecting the dissolved or dispersed material 
from the ice crystal and arranging it in the inter-lamellar spaces. 
 
 
 
 
Figure 3.1: a) Anisotropic growth of hexagonal ice in the a- and c-direction. b) lamellar 
structure obtained by freeze casting; the fast growing a-direction is out of the plane while the 
small axis of the elliptical pores represents the slow growing c-direction. 
 
 
 
Thus, a structure of alternating lamellae of ice and the dispersed or dissolved material is 
obtained. A schematic of the water-based freezing process is given in Figure 3.2. While the 
crystals grow fast along the temperature gradient in the (11-20) direction (a-axis), they also 
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grow slowly laterally in the (0001) direction (c-axis). This lateral ice crystal growth, combined 
with the 9% volumetric expansion of water upon solidification, exerts compressive forces on the 
material that is concentrated between the ice crystals. Once the material is completely solidified, 
the material can be transferred to a lyophilizer, or freeze dryer, where the ice is allowed to 
sublimate out of the structure at low pressure. Since this removal of the solidified water is 
realized without re-melting of the ice, the ice-templated structure is maintained and the lamellar 
structure of the second phase material conserved. As the ice is removed from the structure, 
pores are created in place of the ice crystals. It is important to note that through the control of 
the ice crystal shape and size, it is possible to control pore size and shape within the freeze-cast 
scaffold. An example of a lamellar freeze-cast structure is shown in Figure 3.1 b. 
 
 
 
 
Figure 3.2: Schematic of freeze casting (Wegst et al. 2010). 1) Solution or slurry is filled into 
mold and exposed to vertical temperature gradient. 2) Lamellar ice crystals grow along the 
temperature gradient and arrange the dissolved or dispersed matter in the interlamellar spaces. 
3) The frozen sample is lyophilized to create pores where former ice crystals had templated the 
structure (Wegst et al. 2010). 
 
 
 
In principle, all classes of materials can be structured by freeze casting, as long as the 
materials can be either dissolved or dispersed in a liquid vehicle. While ceramics and metals are 
usually dispersed in the form of micron- or submicron-sized particles, polymers can also be 
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freeze-cast when water-soluble. Additionally, polymeric particles could also be dispersed in a 
slurry and templated by directional solidification like ceramics and metals. Because water is 
usually used as solvent and there are no harsh chemicals required for post-treatment of the 
structures, the technique is furthermore environmentally benign. 
3.2.1 Freeze Drying 
To preserve the ice-templated structure after freezing, it is necessary to remove the ice from the 
solidified material without melting it. Melting of the solidified slurry would destroy the 
structure through capillary forces and dissolution (if the solid material or binder remains water-
soluble). Freeze drying is a technique that fulfils this requirement as the frozen water is directly 
sublimated. From a thermodynamic point of view this transformation takes advantage of the fact 
that at low pressures (pressures below that at the triple point of water, which is 611.66 Pa at 
room temperature) there is a direct transition from the solid state of water (ice) to the gaseous 
state (steam) without passing through the liquid state as it would be the case for an ambient 
pressure of about 0.1 MPa (Figure 3.3). Thus, the pressure in the drying chamber is reduced 
below 611.66 Pa, whereas the temperature is kept at room temperature. The sublimated water 
condensates in another part of the freeze dryer, the water trap, where it freezes again. This water 
trap has a temperature of typically -53°C, a temperature at which the solid state is stable even at 
the very low pressure. 
Figure 3.4 shows a 3D-rendering of a freeze-cast structure as produced in this study. It 
possesses the typical highly aligned, lamellar structure as it is obtained through directional 
solidification. The solidification direction was upward, parallel to the lamellae. 
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Figure 3.3: Pressure-temperature (p-T) diagram of water showing the thermodynamic path of 
freeze casting where a liquid slurry is directionally frozen (from point 1 to point 2) and freeze 
dried (point 2 to point 3) (Wegst et al. 2010). 
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Figure 3.4: 3D volume rendering of a freeze-cast scaffold obtained through X-ray 
microtomography. The freezing direction is the z-axis (upwards) and the directional, lamellar 
structure can be seen. 
 
 
 
3.2.2 Freeze Casting Apparatus 
The custom-made freeze casting setup used in this study is shown in Figure 3.5. It consists of a 
dewar containment, which is filled with liquid nitrogen. A vertical copper rod, the cold finger, is 
installed in such way that its lower end is immersed in the liquid nitrogen bath, to provide 
constant cooling, while its middle is clamped in an insulating lid of the dewar vessel. At the 
upper end of the copper coldfinger, a ring heater is mounted to heat against the liquid nitrogen 
and to control the temperature of the upper coldfinger surface. To facilitate a precise 
temperature control, a thermocouple is embedded into the coldfinger directly below the upper 
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surface. With a PID controller, which reads the temperature measured by the thermocouple, the 
heater can be controlled in order to hold the top surface of the cold finger at a specific 
temperature or to follow predefined cooling protocols. 
The freeze casting molds, which contain the slurries or solutions that are to be frozen, are placed 
on top of the copper coldfinger. Each mold consists of a copper bottom plate and a tube of 
polytetrafluoroethylene (PTFE), as shown in Figure 3.5. The height of the PTFE tube is 40 mm 
with an inner diameter of 18.8 mm while the copper bottom plates have a thickness of 5 mm.  
Both the upper surface of the coldfinger and the surface of the mold’s copper plate are polished 
to guarantee a close contact between the two surfaces, enabling good heat transfer through 
conduction. 
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Figure 3.5: Freeze casting apparatus as used for the research carried out and described in this 
thesis. 
 
 
 
3.3 The History of Freeze Casting 
Already at the beginning of the last century, freezing was reported as a path to produce 
structures with aligned architectures due to a phase separation during the freezing process in 
binary systems. Lottermoser observed that during the freezing of hydrosols little crystal-like 
plates were formed within the slurry and that these were stable even after melting of the 
solidified structure (Lottermoser 1908). Bobertag et al., who presented qualitative results of 
their research with Lottermoser, reported a phase separation in water-based hydrogels, including 
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gelatin and agar (Bobertag et al. 1908). However, during the following 40 years, little was 
published on these phenomena. In 1951, a patent was granted to J.F. Hazel for the production of 
fine silica particles through freezing of a silica sol. Hazel suggested to produce a metastable sol 
through a change in pH, which, after freezing and thawing, created small silica particles. This 
was explained by precipitation effects during a solidification-induced phase-separation that 
leads to an increase of silica particles within the sol (Hazel 1951). Two years later, in 1953, 
Breitner described the occurrence of demixing during the freezing process of aqueous salt 
solutions and presented rather detailed schematics of the obtained structures as lamellar or 
columnar arrangements (Figure 3.6 c-e)) (Breitner 1953). 
 
 
 
 
Figure 3.6: Obtained structures after freezing of aqueous salt solutions of different 
concentrations and at different freezing rates as reported by Breitner (Breitner 1953). With 
increasing solute concentration from a) to e) the rejected salt is concentrated in a) “hair cracks”, 
b) layered arrangements, c) vertical canals, d) plates that separate ice needles e) large volumes 
which are protruded by ice canals. 
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In the following year, Maxwell et al. presented a study in which they investigated the freezing 
of ceramic slips with extremely high solid loadings of up to 84 wt%, followed by freeze drying 
and sintering (Maxwell et al. 1954). Even though the objective of their study was the production 
of highly dense ceramics, they described well the important steps of freeze casting: 1) The 
creation of a well-mixed, homogeneous slurry; 2) Deaeration of the slurry to avoid the inclusion 
of bubbles, which would cause flaws in the material; 3) Casting of the slurry in a mold, 
avoiding air inclusions even in complex mold geometries; 4) Freezing of the cast with a 
controlled cooling rate; 5) Removal of the cast from the mold without damage; 6) Freeze drying 
of the freeze-cast structure to conserve the templated shape and architecture. Maxwell et al. also 
appear to be the ones that coin the name for this processing method: ‘Freeze Casting’. In 1968, 
Dollimore et al. reported on “the preparation of microporous silica by the technique of freeze-
thawing,” describing a process similar to the one patented by Hazel, but stressing the possibility 
to create well-defined porosity (Dollimore and Shingles 1969). Also Smith-Johanssen, who 
received a patent for his process of “freezing inorganic particulate slurries” in 1981, focused on 
the creation of porosity like most research groups did later on and as is done in this thesis 
(Smith-Johannsen 1981). 
However, freeze casting was also investigated as a solution to shrinking issues during 
sol drying processes of gels loaded with ceramic powders (Kwiatkowski et al. 1980; Laurie et 
al. 1992; Statham et al. 1998).  Due to the high loss of volume, the mere drying of ceramic 
slurries in atmospheric conditions resulted in cracking of the green bodies, which led to 
inhomogeneous, unstable structures before and after sintering. In contrast, if the slurries were 
frozen before drying, an irreversible polymerization of the silica particles occurred which 
resulted in a templated structure that could be conserved, even though the temperature was 
raised again and the ice-phase was melted. This process allowed for the creation of (macro-) 
crack-free, yet porous ceramics (Dollimore and Shingles 1969; Laurie et al. 1992). Furthermore, 
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large-scale shrinking, as observed during a regular drying process, was avoided through 
freezing. Such net-shape properties possess great advantages for the production of structures 
that do not require much post-processing or machining as the final shape is close to the desired 
geometry (Statham et al. 1998). For ceramics, with their high strength and hardness, diamond 
machining is required during post-processing, which can easily account for more than 50% of 
the overall production costs (Greil 1999). Especially for complex geometries, which are difficult 
or even impossible to machine due to the interference of structural features with the machining 
tools, a near-net-shape production technique offers a great advantage. 
The achievement of complex geometries was also the goal of the patent granted to 
Takahashi in 1990 for freeze-pressure casting of ceramic slips and another patent granted to 
Vivaldi et al. in the same year, who described freezing of ceramic slurries around a fugitive core 
(Takahashi 1990; Vivaldi et al. 1990). Moritz et al. took this principle of a fugitive core even 
further and reported on the production of freeze-cast ceramic structures with additional 
complexities through the use of lost cores made from ice. In the following freeze-drying step, 
not only was the liquid vehicle of the slurry removed, but also the shape-defining fugitive ice 
core (Moritz and Richter 2006).  
Even though Lottermoser had reported on the creation of a honeycomb-like structure 
already in 1908, and Breitner had described different architectures with a columnar or lamellar 
structure that he had obtained, until the end of the last century, there were only few studies in 
which the anisotropic structure of directionally frozen materials was presented in combination 
with the achievable high porosity after lyophilization. Tong et al. published two studies in 
which they investigated water-based agar solutions and suspected the observed phase separation 
during freezing to resemble biomineralization processes (Tong et al. 1984; Tong and Gryte 
1985). In 1988, Fukasawa et al. presented research in which they had directionally solidified 
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sols and gels containing nanoscale boehmite particles and investigated the different structures 
obtained (Fukasawa and Tsujii 1988). They explicitly report the creation of a honeycomb-like 
structure and its high degree of alignment. The important novelty of the research of these two 
groups was the examination of the ice crystal size and shape due to different freezing conditions 
and the understanding that ice crystal size, and thus pore size, can be controlled during the 
freezing process. This ability to control pore size and structure led to a tremendous increase in 
the number of publications by the end of the last century which still continues today. While 
most earlier studies had focused on ceramic slurries, the choice of materials became much 
broader and with it the range of possible applications. 
3.4 Materials Structured by Freeze Casting 
3.4.1 Freeze Casting of Polymers 
The first study on freeze-cast polymers was published by Tong et al. in 1984 (Tong et al. 1984). 
In their study, aqueous agar gels were directionally solidified to template a highly aligned 
lamellar structure. Unlike in most other studies, the frozen water was not only sublimated but 
also allowed to melt at temperatures close to the freezing point after directional solidification. It 
was observed that the templated structure could be conserved because the agarose remained 
insoluble in the cold water. The authors did not describe possible applications of the processing 
technique but considered the observed phase separation as a possible explanation for 
biomineralization processes. They further analyzed the correlation between the structural 
features of the freeze-cast material and the applied processing parameters (Tong and Gryte 
1985). Most importantly, however, the authors were probably the first to systematically 
investigate the directional solidification of a polysaccharide-water solution. They suggested 
that, unlike in solidifying metals, the increased concentration of impurities (here polysaccharide 
molecules) at the solid-liquid interface does not significantly depress the melting temperature of 
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the solution. The increased concentration of polymer molecules rather results in a decreased 
mobility of water molecules, which in turn leads to instabilities at the solid-liquid interface. This 
mobility of the water molecules reaches its minimum when the polymer phase vitrifies and the 
molecular mobility of water within the glassy polymer is negligible. Thus, the glass transition 
temperature of the mixture is considerable affected by the build-up of the macromolecules at the 
solid-liquid interface, which in turn is controlled by the solidification rate and thus the applied 
freezing rate. Such a correlation, shown in Figure 3.7, was also reported by Fennema (Fennema 
1996). Tg’ represents the glass transition temperature of the mixture and the dashed lines marked 
with “a”, “b”, “c” and “d” show the paths taken through various freezing rates. The smallest 
freezing rate is marked “a”, whereas “d” represents the fastest freezing rate, thus Tg’ decreases 
with an increasing freezing rate. The maximal freeze concentration occurs only on the Tml–TE 
curve. At higher freezing rates, the build-up concentration is lower and consequently the glass 
transition temperature is reduced. 
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Figure 3.7: State diagram of a binary system of water and a water-soluble polymer. The dotted 
lines show the influence of the freezing rate on the glass transition temperature Tg’ (Fennema 
1996). 
 
 
 
Another important observation by Tong et al. was the alignment of the macromolecules 
in the direction of solidification by the forming ice crystals. This was confirmed by Yokoyama 
et al., who directionally solidified agarose gels, too, and investigated the degree of alignment of 
the agarose polymer chains within the glassy polymer (Yokoyama et al. 1990). They proposed 
an alignment mechanism as shown in Figure 3.8. Thus, the directional solidification of polymer 
solutions may allow for an alignment of the polymer chains within the solidified structure. 
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Figure 3.8: Alignment of polymer chains by the growing ice crystals. The solidification 
direction is upwards, parallel to the aligned polymer chains in the anisotropic gel (Yokoyama et 
al. 1990). 
 
 
 
In 1999, Madihally and Matthew were the first to suggest freeze dried scaffolds made 
from watersoluble biopolymers for applications in tissue engineering (Madihally and Matthew 
1999). They froze chitosan solutions of different concentrations to create highly porous 
scaffolds and did preliminary tests on the mechanical performance of the produced structures. In 
the same year, Kang et al. reported on the use of freeze-cast gelatin scaffolds for tissue 
engineering and were the first to explicitly mention spinal cord injury and directed nerve 
guidance as possible applications of the highly aligned polymer scaffolds. The authors 
furthermore illustrated the structural differences between samples that were directionally 
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solidified and structures that were non-directionally frozen (Kang et al. 1999). Schoof et al. and 
Kuberka et al. reported freeze casting studies on another protein-fibrous biopolymer, collagen, 
and provided further insight into the correlations between the freezing parameters and the 
obtained porous structures (Schoof et al. 2000; Schoof et al. 2001; Kuberka et al. 2002). 
Bozkurt et al. and Möllers et al. focused their research on directionally solidified collagen 
scaffolds for the application as nerve guidance scaffolds (Bozkurt et al. 2007; Möllers et al. 
2008). They reported on in vitro studies with dorsal root ganglia (DRGs) and successfully 
conducted cytocompatibility trials on their structures. Freeze-cast scaffolds for nerve guidance 
made from agarose were further studied by Stokols and Tuszynski, who introduced growth 
factors into their structures and successfully showed cytocompatibility, too. 
Hu et al. and Meghri et al. directionally solidified the biopolymer chitosan and 
suggested as possible applications for the freeze-cast scaffolds peripheral nerve and spinal cord 
regeneration and tissue vascularization, respectively (Hu et al. 2003; Meghri et al. 2010). Hu et 
al. investigated chitosan in combination with collagen and conducted in vivo studies with rats 
while Meghri et al. used either pure chitosan or chitosan in combination with gelatin to evaluate 
the cell response by endothelial cells and, additionally, compared the mechanical properties of 
the scaffolds. Guan and colleagues observed significant changes of the structural features when 
varying the concentration of soy protein in the freeze cast scaffolds (Guan et al. 2010). For a 
concentration of 1 wt% they obtained a fibrous structure with no connection between adjacent 
fibers, while for 7 wt% the lamellar structure that is typical for freeze casting was obtained 
(Figure 3.9; compare Figure 3.1 b).  
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Figure 3.9: Directionally solidified soy protein obtained with a concentrations of a) 1 wt% 
(fibrous structure) and b) 7 wt% (lamellar structure) soy protein. 
 
 
 
If any particular application has been suggested or more closely investigated in these studies, it 
was the fabrication of tissue scaffolds for soft tissue repair, as in the case of spinal cord injury. 
Due to the limited strength and stiffness of the polymeric phase, these directionally solidified 
scaffolds do not possess mechanical properties that are high enough for applications such as 
bone or cartilage. Ceramic scaffolds, in contrast, would provide the necessary strength and 
stiffness. 
3.4.2 Freeze Casting of Ceramics 
Ceramics have been, by far, the most investigated materials in freeze-cast structures. Early 
publications in this field are two publications by Fukusawa et al. from 2001 (Fukasawa et al. 
2001; Fukasawa et al. 2001). They studied freeze-cast alumina structures and the correlations 
between freezing rate and pore size. For freezing temperatures of -80, -50 and -20°C, pore sizes 
ranged from 5 to 30 µm. In later work, the authors freeze cast silicon nitride, studying different 
sintering temperatures and overall porosities to evaluate the suitability of the resulting porous 
structures for applications such as filters or catalyst supports (Fukasawa et al. 2002). In the 
following years, various different ceramics were freeze-cast, including yttria stabilized zirconia 
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(YSZ), nickel oxide (NiO), titanium oxide (TiO2), hydroxyapatite (HAp), tricalciumphosphate 
(TCP) and bioglass (Hu et al. 2003; Moon et al. 2003; Koç et al. 2004; Mukai et al. 2004; Song 
et al. 2006) and a variety of applications were suggested, ranging from solid oxygen fuel cells 
(SOFC) to bone grafts (Moon et al. 2003; Koç et al. 2004; Deville et al. 2006; Song et al. 2006).  
The lamellar structure and the possible creation of honeycomb-like structures were reported not 
only for aqueous solutions but also for slurries containing camphene (Araki and Halloran 2004). 
Significant potential of this structural control was expected for various applications, in which 
surface area and pore size are important. Such applications include catalyst carriers and 
capacitor electrodes (Moon et al. 2003; Mukai et al. 2003). 
However, it was not until 2006, when Deville et al. reported on the tremendous 
potential of such honeycomb-like materials as structural ceramics, that mechanical properties of 
freeze-cast HAp ceramics were reported. HAp scaffolds are highly sought after for bone tissue 
engineering, where a high porosity paired with mechanical strength, stiffness and toughness are 
required. The authors presented a study, in which they compared the compressive strength of 
freeze-cast HAp scaffolds with porosities ranging from 47% to 68% to literature values for HAp 
scaffolds that had been produced through other production methods (Deville et al. 2006). For a 
porosity of 47%, the freeze-cast scaffolds achieved a compressive strength of 140 MPa which 
was almost 4 times the maximum compressive strength reported by other groups. This 
significant improvement of the mechanical properties was explained by the honeycomb-like 
structure, which allows for the maximization of the mechanical properties in the freezing 
direction and thus for an increase of the mechanical efficiency. 
In the following years, a variety of mechanical values were reported for freeze-cast 
structures. Several groups reported compressive strengths for HAp scaffolds with values 
ranging from 0.5 MPa to 95 MPa for porosities of 30 to 75% (Lee et al. 2007; Suetsugu et al. 
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2007; Yoon et al. 2007; Fu et al. 2008; Fu et al. 2008; Landi et al. 2008; Yoon et al. 2008). 
Yoon et al. studied SiC scaffolds and measured a compressive strength between 1.5 and 5 MPa 
for porosities of 75 to 86%. For porous SiO2-MgO glass, a compressive strength of 2 MPa was 
found at a porosity of 70% (Deng et al. 2007). Such porous glass is assumed to be a suitable 
substrate for TiO2 films for photocatalysis to decontaminate water. YSZ scaffolds that could be 
used in SOFCs were tested in compression, too, and possessed a compressive strengths ranging 
from 24 to 64 MPa for porosities between 35 and 65% (Zuo et al. 2008).  
Chen et al. investigated porous alumina scaffolds and reported a bending strength of 
260 MPa for a 15% porous material. The authors further reported compressive strength values 
and were among the first to investigate the differences in mechanical performance between the 
strong direction (along the lamellae/freezing direction) and perpendicular to it. For the strong 
direction, they found a compressive strength of 153 MPa, while perpendicular to it the strength 
was 54 MPa. Thus, along the lamellae, the scaffolds were almost 3 times as strong as 
perpendicular to them (Chen et al. 2007).  Similar observations were made by Suetsugu et al. 
and Fu et al. for HA scaffolds. At a porosity of 52%, the scaffolds were two and a half times 
stronger along the lamellae than perpendicular to them and at a porosity of 75% even 5 times as 
strong (Suetsugu et al. 2007; Fu et al. 2008). Again, this is a behavior known from honeycomb-
like structures which are much stronger in the direction of the long pore axis than perpendicular 
to it (Gibson and Ashby 1982). 
3.4.3 Freeze Casting of Metals 
To date, only a very small number of studies about freeze casting of metals have appeared. All 
the work published so far focuses on applications as bone scaffolds or as cores for structural 
sandwich constructions. When freeze casting metals, there are some additional issues that have 
to be solved to successfully create homogeneous scaffolds. Compared to ceramics, metals have 
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higher densities and thus settle faster when dispersed in slurries. Furthermore, most metal 
powders are not available in submicron particle sizes, due to the high reactivity of metals at 
such small particle sizes and the related high specific surface areas (Jacobson et al. 1964; Chino 
and Dunand 2008). According to Stokes’ law of sedimentation, the particle size affects the 
sedimentation velocity quadratically. Thus, the larger particle size leads to even further 
increased sedimentation, which may result in density gradients during directional solidification. 
Chino et al. mentioned such sedimentation issues, but did not investigate density gradients 
along the height of the freeze cast titanium scaffolds, which they produced (Chino and Dunand 
2008). For mechanical testing, they used only two small sections of 8 mm height from the 
middle of the produced samples but did not compare those to specimens obtained from different 
heights within the samples. However, they determined a compressive strength of 60 MPa for 
titanium scaffolds with a porosity of 60%. 
A different approach was taken by Jung et al. who freeze-cast titanium hydride (TiH2) 
structures and sequentially added slurries of different densities. Before sintering, the scaffolds 
were heat treated at 400°C to achieve complete hydride decomposition (Jung et al. 2009). 
Through this method, the authors were able to obtain titanium scaffolds with porosities ranging 
from 35% to 75% but did not report any mechanical values. Similar porosity values (49-63%) 
were presented by another group for freeze-cast titanium structures, and compressive strengths 
ranging from 81 MPa to 253 MPa were measured (Yook et al. 2008; Yook et al. 2009). Both 
groups did not report any particle size of the titanium and thus it remains unclear how they 
overcame the problem of sedimentation. As in both studies camphene was used as a liquid 
vehicle, it can be hypothesized that the relatively high viscosity of camphene (compared to 
water) inhibited significant sedimentation. Besides titanium, also stainless steel scaffolds have 
been successfully frozen from water-based slurries (Le 2010). For porosities ranging from 72 to 
83%, Young’s moduli between 137 and 941 MPa and compressive yield strengths between 8 
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and 32 MPa were achieved for steel. While the reported strength values agree well with 
theoretical predictions from the Gibson/Ashby model (Ashby et al. 2000) the measured moduli 
fall significantly below the expected lower bound which is given by the theoretical modulus of 
equiaxed foams of the same porosity. More research will be needed to explain this phenomenon, 
but one possible explanation is a certain degree of misalignment of the lamellae from the 
vertical plane, leading to failure by buckling and in shear. Such dependence of the mechanical 
properties on the orientation of the lamellae has been shown for directionally solidified, dense 
titanium-aluminum-silicon alloys and is assumed to be equally present in porous lamellar 
structures (Figure 3.10) (Johnson et al. 1996). 
 
 
 
 
Figure 3.10: Modulus and strength of directionally solidified alloys in dependence of the 
lamellae orientation (Johnson et al. 1996). 
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While the general feasibility of freeze casting of metals was proven in these studies, a 
considerable gap of knowledge remains in the field of freeze-cast metals. To date, no closer 
investigations of the achievable pore sizes and the correlations between freezing conditions and 
pore morphology have been reported. Furthermore, there is only little information available on 
the mechanical performance of such metallic scaffolds. Additionally, the body of literature lacks 
systematic studies of the inherent structure-property correlations. Finally, the increasing 
reactivity of metal powders with a decreasing particle size will limit the particle size of the 
available powders and thus affect the size of the obtainable structural features. 
3.4.4 Freeze Casting of Highly Porous Hybrid Scaffolds 
It appears to be of great potential to combine different materials and different classes of 
materials in the manufacture of highly porous scaffolds by freeze casting. Through the 
combined use of polymers and ceramics, for example, it should be possible to create highly 
porous composites materials with sufficient stiffness and strength for the application as load 
bearing tissue scaffolds. Such materials, with a structure similar to that of bone, would possess a 
high anisotropy to maximize the mechanical properties in one strong direction, while possessing 
a hybrid microstructure, in which ceramic particles are embedded in a polymer matrix. 
To date, no studies have been reported about the directional solidification of composites with 
the intention of combining high stiffness, strength and toughness. While limited knowledge 
about this approach was gained from the fabrication of porous ceramic scaffolds in which a 
polymeric binder is temporarily added to the structure, all reported studies continue with a 
sintering process, which leaves behind a pure ceramic. In this thesis, the production of highly 
porous composite scaffolds made by freeze casting is investigated with the goal to achieve 
highly porous, yet stiff, strong and tough hybrid scaffolds for applications such as bone tissue 
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scaffolds. The preparation of materials and the freeze casting procedure as well as the 
characterization and the analysis are described below. 
3.5 Materials for Freeze Casting of Hybrid Scaffolds 
To be able to freeze-cast the biopolymer-ceramic composites, following polymer solutions and 
ceramic slurries were prepared. 
3.5.1 Polymer Solutions 
3.5.1.1 Chitosan 
Low molecular weight chitosan (75-85% deacetylated, Sigma Aldrich, St. Louis, MO) at a 
concentration of 2.4% (w/v) was dissolved in 1% (v/v) glacial acetic acid (VWR International, 
West Chester, PA) in doubly distilled water.  To achieve thorough mixing, the chitosan solution 
was rolled on a ball roller at 20 rpm for at least 24 hours before it was used. 
3.5.1.2 Gelatin 
Solutions were prepared by dissolving 5.5% (w/v) gelatin in 1% (v/v) glacial acetic acid (VWR 
International, West Chester, PA) in doubly distilled water. The gelatin solutions were mixed by 
magnetic stirring at 60 rpm for 12 hours at a temperature of 35ºC prior to their use. 
3.5.1.3 Gelatin-Chitosan 
After initial stirring, chitosan and gelatin solutions were mixed in a volume ratio of 4:1 with a 
high shear mixer (SpeedMixer, DAC 150 FVZ-K, FlackTek, Landrum, SC) at a speed of 
1600 rpm for 60 s to blend a 3% (w/v) polymer solution consisting of 63 wt% chitosan and 
37 wt% gelatin. 
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3.5.2 Slurry Preparation 
To obtain ceramic-biopolymer composite solutions, 2.7 g of Al2O3 particles were added to 
10 mL of the polymer solution. In the case of chitosan-gelatin solutions this yielded a solid 
weight ratio of 9:1 (alumina:biopolymer) and a volume ratio of the dry solid in the lyophilized 
scaffolds of 75% alumina and 25% biopolymer (16% chitosan, 9% gelatin). Chitosan-gelatin 
solutions were used for most of the experiments in this study, including the correlation between 
cooling rate and structural features and the investigation of different particle sizes and shapes.  
For the systematic ethanol study, the investigation of different porosities within the scaffolds as 
well as for the biocompatible hydroxyapatite-chitosan scaffolds, pure chitosan solutions were 
used. In the final scaffolds, this resulted in a solid weight ratio of 45:4 (alumina to chitosan) 
which corresponds to a dry solid volume fraction of 77% alumina and 23% chitosan.  
As alumina fillers, three different particle geometries were used: 
1) platelets (AlusionTM, Antaria Limited, Bentley, Western Australia) 
thickness: 300-500 nm, diameter: 5-10 µm 
2) small spherical particles (Sasol North America-Ceralox Division, Tuscon, AZ) 
average diameter: 400 nm 
3) large spherical particles (Sigma Aldrich, St. Louis, MO) 
diameter: 5-10 µm 
The particle sizes of the spherical alumina particles were chosen to represent the smaller 
(thickness) and larger dimensions (diameter) of the alumina platelets used in this study. For the 
biocompatible hydroxyapatite-chitosan scaffolds, hydroxyapatite powder of spherical particles 
with a d50 of 2.3 µm was used (Trans-Tech, Inc., Adamstown, MD). Directly before freeze 
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casting, the suspensions were mixed and degassed with a shear mixer (SpeedMixer, DAC 150 
FVZ-K, FlackTek, Landrum, SC) at a speed of 1600 rpm for 60 s. 
3.5.3 Freeze Casting 
Ceramic-polymer slurries (12 mL) were pipetted into the molds directly before freezing. The 
molds were placed on the coldfinger of the freeze casting apparatus and allowed to adjust their 
temperature to 5°C, which was the starting temperature of the coldfinger. With a PID controller, 
a thermocouple at the cold finger top and a band heater underneath it, the temperature of the 
upper coldfinger surface was decreased from 5°C according to predefined cooling programs. 
Two different cooling rates were applied: 1°C/min and 10°C/min. As the temperature of the 
coldfinger was lowered below 0°C, ice nucleation started at the copper bottom plate of the mold 
and the slurries were directionally solidified from bottom to top. For both cooling rates, the 
temperature was decreased until a final freezing temperature of -80°C was reached. In the case 
of the ethanol study with alumina-chitosan slurries, the final freezing temperature was -150°C. 
The molds were held at this temperature until the samples were completely solidified. 
3.5.4 Freeze Drying 
After freeze casting, the frozen samples were unmolded with a modified arbor press and 
transferred to a benchtop lyophilizer (FreeZone 4.5, Labconco, Kansas City, MO) where they 
were freeze-dried (lyophilized) for at least 48 hours. The pressure within the system was 0.02 
mBar and the cold trap was set to a temperature of -50°C. The frozen scaffolds had a cylindrical 
shape with a diameter of 18 mm and a height of 35 mm. After lyophilization, the scaffolds had 
an average porosity of 91%, with the exception of the work presented in §4.3, where the 
porosities were varied in the range of 87% to 92%. 
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3.5.5.1 Cutting 
After complete lyophilization, the highly porous composite scaffolds were cut on a diamond 
wire saw (Model 4240, WELL Diamond Wire Saws, Inc., Norcross, GA) for optical 
microscopy, scanning electron microscopy (SEM), X-ray microtomography and mechanical 
testing. For mechanical testing and tomography, four 5 mm × 5 mm × 5 mm cubes were cut 
from three different layers measured from the bottom of the scaffold cylinders (height of centers 
of cubes: 7 mm, 17.5 mm, and 28 mm). Directly adjacent to these cube layers, 2 mm-thick 
slices were cut, which were used for optical and scanning electron microscopy and X-ray 
microtomography. 
3.5.5.2 Mechanical Testing 
Mechanical testing was carried out in compression tests with a universal testing machine 
(Instron 4442, Instron, Norwood, MA) on scaffold-cubes with an edge length of 5 mm. The 
crosshead speed of the universal testing machine was set to 0.05 mm/s, corresponding to a strain 
rate of 0.01/s. Compression tests were performed until a displacement of 4 mm was reached, 
which corresponds to a strain of 80%. 
3.5.5.3 Optical Microscopy 
For optical analysis, a stereo microscope (Leica M205, Leica Microsystems Inc., Buffalo 
Grove, IL, USA) with a resolution of 480 nm was used. Digital images were taken with an 
attached digital camera (Leica DFC400, Leica Microsystems Inc., Buffalo Grove, IL, USA) and 
captured with the manufacturer’s LAS software. 
3.5.5.4 Scanning Electron Microscopy 
Scanning electron microscopy (SEM) was performed on a ZEISS Ultra 50VP instrument (Carl 
Zeiss SMT Inc., Peabody, MA, USA) with accelerating voltages ranging from 5 to 12 kV. Prior 
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to the SEM investigation, samples were sputter coated with a 3 nm thick layer of platinum-
paladium to obtain a conductive path on the insulating polymer or ceramic materials. 
3.5.5.5 X-ray Microtomography 
The samples were mounted on a cylindrical metal holder with the direction of 
solidification being vertical and placed in a SkyScan 1172 high-resolution desktop micro-
computed tomography system (SkyScan, Kontich, Belgium). Radiographs were taken at a 
voltage of 59 kV, a current of 167 µA and a pixel size of 1.47 µm. An exposure time of 
2356 ms and a frame averaging of 5 was used. The rotational step size was 0.15˚. The SkyScan 
software NRecon was used for tomographic reconstruction. Volume renderings were prepared 
and visualized with the Avizo® Standard software package (VSG, Visualization Science Group, 
Inc., Burlington, MA, USA) as well as with VGStudio MAX (Volume Graphics GmbH, 
Heidelberg, Germany). 
3.6 Theory of Directional Solidification 
To successfully fabricate hybrid tissue scaffolds via freeze casting, it is essential to understand 
the underlying phenomena of directional solidification. Especially in the case of dispersed 
particles within a binary system, there are interactions between the solid-liquid interface and the 
dispersed and dissolved matter that have to be considered when designing a hybrid scaffold. 
3.6.1 Interaction of Particles and the Solid-Liquid Interface 
Insoluble particles that are dispersed in a liquid interact with the propagating solid-liquid 
interface: they are either pushed ahead or engulfed and trapped. Several studies have been 
published to investigate this phenomenon and to identify the influential parameters (Uhlmann 
1964; Körber et al. 1985; Stefanescu et al. 1988). In all systems, a critical velocity of the solid-
liquid interface was found, above which particles are entrapped, and below which particles are 
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pushed ahead of the solidification front. To quantify this critical solidification front velocity, the 
forces acting on a particle at the interface, derived from a balance of the surface tension, can be 
equated. 
The engulfment of a particle creates a new surface energy σPS between the particle and 
the solid material. At the same time the surface energy between the particle and the liquid σPL as 
well as the surface energy between the solid and the liquid σSL disappear from the system 
(Figure 3.11). Seen from a thermodynamic point of view, entrapment of the particle can only 
take place if the newly created surface energy σPS is smaller than the sum of σPL and σSL. In other 
words, for entrapment to be thermodynamically more favorable, the change in free energy has 
to be negative (Stefanescu et al. 1988): 
   00  SLPLPS  . (3.1) 
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Figure 3.11: Schematic of interactions occurring at the solid-liquid interface (Wegst et al. 2010). 
 
 
 
A spherical particle with radius r that is in contact with the solid-liquid interface is exposed to a 
repulsive force FR given by (Pötschke and Rogge 1989; Stefanescu et al. 1998): 
   rFR 2 . (3.2) 
This force becomes active at distances which are on the order of the atomic size a0 (one or few 
atomic layers) and decreases, if the distance	݀ from the interface increases and exceeds the 
value of a0. Thus, Δσ can be further described by (Uhlmann 1964): 
 n
d
a 

 00 . (3.3) 
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The term in parentheses describes the liquid film thickness in the gap between the particle and 
the solid-liquid interface while the exponent n includes disjoining forces that act on the particle. 
Values for n found in the literature range from 1 to 5 (Uhlmann 1964; Aubourg 1978; Körber et 
al. 1985; Zhang et al. 2005). 
Including these considerations, the repulsive force FR can be noted as follows: 
 n
R d
a
rF 

 002  . (3.4) 
The critical velocity vcr of the freezing front at which particle entrapment takes place can now 
be computed from an equilibrium of forces between the attractive drag force FD and the 
repulsive force FR as (Lipp et al. 1990): 
 n
cr d
a
r
dv 

 00
3

. (3.5) 
This can further be simplified by neglecting the corrective term and setting n = 1 so that the 
critical solidification front velocity is given by: 
 
r
avcr 

3
00 . (3.6) 
This approach, however, is only valid under the assumption that liquid and particle have the 
same thermal conductivity, which, in most cases, does not hold true. If the particle has a lower 
thermal conductivity than the liquid, a concave perturbation of the interface towards the particle 
develops, while a convex dimple in the interface is found for a particle with a higher thermal 
conductivity than the liquid (Stefanescu et al. 1988). While Stefanescu had delivered the 
theoretical groundwork for this approach, Yemmou et al. and Sen et al. were able to 
experimentally confirm it (Yemmou et al. 1993; Sen et al. 1997). Yemmou et al. chose spherical 
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particles of lower (nylon) or higher (steel) thermal conductivity than the liquid, which was 
water (Yemmou et al. 1993). As shown in Figure 3.12, for the nylon particle a convex bump 
arose from the freezing front while a convex trough was observed for the steel particle. Sen et 
al. used X-ray tomography to investigate bubbles in liquid aluminum during solidification (Sen 
et al. 1997). As the bubbles possess a significantly lower thermal conductivity than the 
surrounding liquid metal, they also observed a convex perturbation of the interface towards the 
bubble. These experimental findings are furthermore in good agreement with calculations and 
simulations carried out by Shangguan et al., who simulated particles with lower and higher 
thermal conductivities than the liquid, as shown on the right in Figure 3.12 (Shangguan et al. 
1992).  
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Figure 3.12: Solid-liquid interface close to particles during directional solidification. 
Left: Experimentally observed by Yemmou et al. (Yemmou et al. 1993); right: Theoretically 
predicted by Shangguan et al. (Shangguan et al. 1992). 
 
 
 
Shangguan et al. thus suggested a modified version of Equation 3.6 where they introduced the 
parameter µ as the ratio of the thermal conductivities of particle and liquid: 
 
L
F
k
k  (3.7) 
and obtained: 
 
r
avcr 

12
00  (3.8) 
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Finally, Stefanescu et al. further refined these calculations and derived a modified expression 
for vcr: 
 
2
1
2
00
3 


 
r
avcr 
 . (3.9) 
3.6.1.1 Calculations 
For hydroxyapatite or alumina particles in highly diluted polymer solutions, critical freezing 
front velocities can be estimated with the following typical parameters: Δσ0 = 0.1 J/m, 
a0 = 10 nm, η = 0.0689 Pa s, µHap = 1.4, µAl2O3 = 54, rsmall = 0.2 µm, rlarge = 5 µm. Table 3.1 
shows the range of critical freezing front velocities for the different particle radii calculated with 
Equations 3.6, 3.8, and 3.9. 
 
 
 
Table 3.1: Freezing front velocities calculated for the compositions used in this study.  They 
include alumina and hydroxyapatite particles with radii ranging from 200 nm to 5 µm (the 
larger particle radius corresponds to the slower freezing front velocity). 
 
Lipp et al. 
(Eq. 3.6) 
Shangguan et al. 
(Eq. 3.8) 
Stefanescu et al. 
(Eq. 3.9) 
 5 µm – 200 nm 5 µm – 200 nm 5 µm – 200 nm 
vcr (Al2O3) 1 mm/s – 24 mm/s 5 µm/s – 112 µm/s 0.4 µm/s – 2.1 µm/s 
vcr (HAp) 1 mm/s – 24 mm/s 0.2 mm/s – 4.3 mm/s 2.6 µm/s – 13.1 µm/s 
 
 
 
Equation 3.6 does not consider the differences in the thermal conductivity of the 
particles, as a result, the calculated critical freezing front velocities are the same for alumina and 
hydroxyapatite. For Equations 3.8 and 3.9, significantly lower critical freezing front velocities 
are determined for the material with the higher thermal conductivity, alumina. With further 
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refinement of the reported expressions, the critical freezing front velocities decrease 
significantly. Nevertheless, in comparison with the values measured and presented in this thesis, 
Equation 3.6 resulted in the most accurate description of the practical observations. According 
to Stefanescu et al. and Shangguan et al., complete entrapment of the alumina particles should 
occur for all freezing conditions that were investigated in our study. However, entrapment was 
only observed at the very bottom of the produced specimens (height < 1 mm) where high 
freezing front velocities were achieved due to the close proximity of the slurry to the cold 
source, resulting in a dense, particle-rich zone. Thus, the best agreement was found with the 
expression presented by Lipp et al. (Equation 3.6). 
For most practical freeze casting applications, in which a control of the freezing front 
velocity is desired, the applied freezing front velocities are kept below the critical ones and 
consequently, particles are rejected by the moving solidification front rather than being engulfed 
and trapped (Deville et al. 2007). 
3.6.2 Different Freezing Zones 
Three different zones that are created during the freeze casting process have to be distinguished 
(Figure 3.13): One with a dense, one with a cellular and one with a lamellar microstructure, 
respectively. Directly at the interface, between the liquid slurry and the cold source, particles 
get entrapped by the ice crystals because the initial freezing front velocity exceeds the critical 
freezing front velocity. Thus, very close to the cold finger surface, there is a dense region of 
particles that were not repelled, but trapped, by the freezing front. This dense structure has no 
directionality. After a short distance (<500 µm), a transition takes place and cellular or globular 
pores develop. Finally, after another transition zone, at a height of about 1 mm, a region of 
steady-state growth is reached. This zone is highly directional and its orientation is dictated by 
the direction of the applied temperature gradient. The obtained structure consists of alternating 
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lamellae of ice and dispersed material and continues throughout the entire remaining height of 
the sample. While the first, dense zone can be explained by particle entrapment and the fast 
velocity of the solidification front, the explanation of the lamellar structure is much more 
complex. To achieve the lamellar architecture with its high degree of regularity, instabilities 
have to form at the interface between the solidified matter and the still liquid slurry.  
 
 
 
 
Figure 3.13: Different freezing zones obtained during freeze casting. At the very bottom, close 
to the cold source, there is a dense layer, which is followed by a zone of cellular porosity. After 
another transition, a lamellar regime forms which continues through the rest of the sample. 
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3.6.3 Instabilities at the Solid-Liquid Interface 
During directional solidification, a situation called constitutional supercooling occurs when the 
liquid is lowered below its freezing point without solidification. Constitutional supercooling can 
be explained by differences in the solute concentration in the liquid phase ahead of the solid-
liquid interface. If we consider a binary system, in which the equilibrium concentration of solute 
in the solid is lower than the equilibrium concentration of solute in the liquid, the solidifying 
crystals will reject some solute upon solidification. As crystal growth proceeds into a liquid 
solution, this superfluous solute is rejected into the melt at the interface and thus “piled up” in 
the adjacent liquid layer (Figure 3.14).  
 
 
 
 
Figure 3.14: a) Concentration profile from solid through transient region into the liquid. CS 
indicates the equilibrium concentration of solvent in the solid and CL the equilibrium 
concentration in the liquid, respectively. C0 (>CL) is the locally increased solute concentration at 
the interface due to solute rejection by the growing solid crystal b) Magnification of the present 
phase diagram c) Temperature profiles at the solid-liquid interface (Tiller et al. 1953; Hurle 
1961). 
 
 
 
This will lead to a local increase in solute concentration at the interface which can only 
be reduced by solute diffusion into the liquid ahead of the solidification zone. If the binary 
system behaves like shown in Figure 3.14 b, where on increasing amount of solute lowers the 
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solidification temperature of the solvent, the solvent ahead of the solid-liquid interface can now 
be supercooled. Supercooling occurs, when the liquidus temperature gradient at the interface is 
larger than the actual temperature gradient, thus (Hurle 1961): 
 
x
T
x
T
x
L



0
. (3.10) 
 
Hence, constitutional supercooling would occur for the dashed lines 2 and 3 in 
Figure 3.14 c, but could be avoided in the case of line 1. If no supercooling occurs, the solid-
liquid interface can be considered stable, and a flat interface travels into the liquid. However, if 
supercooling occurs, protuberances may project from the solid into the supercooled melt more 
rapidly than the interface. As these solidifying protuberances can further transfer their latent 
heat to the supercooled liquid, they grow even faster, resulting in a breakdown of the flat, stable 
interface and the development of dendrites or lamellae (Ashbrook 1977). Mullins and Sekerka 
investigated the development of such protuberances and established an equation for their 
amplitude δ (Mullins and Sekerka 1964; Butler 2001): 
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with ω = 2π/λ;   is the perturbation size,   is the growth velocity of the perturbation, TM is the 
equilibrium melting point, V the interface velocity, D is the diffusion coefficient of the solute in 
the solvent, Γ is the ratio of surface energy to latent heat of fusion, k is the distribution 
coefficient, G is the temperature gradient at the solid-liquid interface, GC is the concentration 
gradient in the liquid at the solid-liquid interface and kS and kL are the thermal conductivities of 
the solid and the liquid, respectively. If  / > 0, undulations at the interface will grow, leading 
to instabilities. If Equation 3.11 has a negative value, undulations will decay and the interface 
will remain stable. Equation 3.11 can only be positive for a specific range of values for the 
instability frequency ω. Within this range of values there further exists a maximum instability 
wavelength ωm, for which perturbations grow at a maximum growth velocity. For a practical 
case of directional solidification, this means that the structural wavelength λ will be determined 
by the maximum instability frequency, as undulations with this wavelength will grow fastest 
and thus dominate the structure. For the systems and conditions investigated by Mullins and 
Sekerka, the structural wavelength λm was on the order of 50 µm, however, the investigated 
temperature gradients, and thus the solidification front velocities, were not varied (Mullins and 
Sekerka 1964). 
If the temperature gradient is increased, the freezing front velocity is increased, too, and 
with it the probability to obtain an instable, non-planar solidification front. Thus, while for each 
system there exists a maximum instability frequency and a correlated structural wavelength, 
there also exists a critical Mullins-Sekerka velocity vC,MS of the solidification front above which 
instability and the growth of undulations cannot be avoided (Caroli et al. 1986). For most 
undercooled binary systems, the planar interface will be unstable and thus, perturbation-induced 
lamellar growth is inevitable (Trivedi and Kurz 1986). 
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3.6.4 Correlation of Freezing Front Velocity and Lamellar Spacing 
Ice crystal size in solidifying systems is dependent on the freezing rate present throughout 
solidification (Meryman 1956). The crystal size is thereby inversely proportional to the freezing 
rate; simply put, the faster the freezing rate, the smaller the ice crystal size. This phenomenon 
has been known for many decades, probably even centuries, and researchers have successfully 
employed it to design freezing processes for frozen food, ice cream and tissue conservation 
(Woinet et al. 1998). As discussed in the previous chapter, in directional solidification of binary 
systems, mostly lamellar structures are obtained due to instabilities at the solid-liquid interface 
and varying growth rates in the different directions of the growing crystals. If water is the 
solvent in the binary system, the width of the lamellar ice crystals is the determining factor for 
the lamellar spacing within the freeze-cast solid. Furthermore, the applied cooling or freezing 
rate determines the velocity of the proceeding freezing front, which, in turn, controls the width 
of the lamellar ice crystals. Theoretically, these instabilities have been studies since Zener and 
Tiller et al., whose work from the middle of the last century was continued by Mullins and 
Sekerka (Zener 1946; Tiller 1959; Mullins and Sekerka 1963). Zener reported that the 
interlamellar spacing ߣ is inversely proportional to the degree of undercooling ΔT: 
 
T
1 . (3.13) 
 
Tiller extended this correlation with the proportionality between the undercooling ΔT and the 
square root of the solidification velocity v: 
 vT   (3.14) 
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and concluded that (Tiller 1958): 
 
5.0
1
v
 . (3.15) 
 
 
 
 
Figure 3.15: Lamellar arrangement showing the structural wavelength λ and the freezing front 
velocity v. 
 
 
 
This correlation between the lamellar wavelength ߣ and the freezing front velocity (Figure 3.15) 
has since been confirmed empirically by metallurgists as: 
 
5.0v
c , (3.16) 
 
where c is a system-dependent proportionality constant, and v is the freezing front velocity 
(Chadwick 1963; Aguiar and Caram 1997). Other researchers, who fitted their experimental 
data on binary metal alloys to a proportionality equation, reported a more variable value of the 
exponent as: 
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nv
c , (3.17) 
 
and suggested a range of values for n of 0.25 < n < 0.7 (Seetharaman 1988; Li et al. 1997; 
Çadirli et al. 1999; Çadirli and Gündüz 2000). A theoretical approach towards understanding 
the relationship between solidification front velocity and primary lamellar spacing was also 
taken by Kurz and Fisher (Kurz and Fisher 1981). They established correlations between the 
two values but distinguish between high and low solidification velocities. For low velocities, 
they report a value of n = 0.5, whereas for high velocities n = 0.25. 
These theoretical considerations are in good agreement with the cited empirical results. 
The finding that, for low growth rates (equivalent to low solidification front velocities), n 
should have a value of n = 0.5 is empirically and theoretically confirmed by other authors for 
various metallic and organic binary systems (Jackson and Hunt 1966; Holder 1974; Kurz and 
Sahm 1975; Seetharaman 1988). 
For binary ceramic systems, Ashbrook reported the same behavior, which he observed 
in a ZrO2-Y2O3, Al2O3-ZrO2 and ZrO2-MgO system during directional solidification (Ashbrook 
1977). Similar observations were experimentally confirmed for ceramic systems by other 
research groups, all of which correlated solidification velocity and lamellar spacing with n =0.5 
(Minford et al. 1979; Sayir and Farmer 2000; Llorca and Orera 2006). All these results, 
however, were determined for real binary systems, in which one material is dissolved in the 
other, rather than dispersed in it in the form of insoluble particles. 
Finally, in the first years of this millennium, similar observations were made during the 
freeze casting of ceramic particles in water-based slurries (Deville et al. 2007; Waschkies et al. 
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2009). For measurements on the sintered ceramic structures, Deville et al. confirmed the 
correlation between freezing front velocity and lamellar spacing as: 
 
nv
1  (3.18) 
 
and report values of n = 1 and n = 0.66 for alumina particles with a diameter of 400 nm and 
100 nm, respectively. Their results indicate that the particle size plays a role in the relationship 
between freezing front velocity and lamellar spacing, too, as with a decreasing particle size, the 
exponent n decreases. Thus, in their experiments, the lamellar spacing decreased with a 
decreasing particle size. Investigations about the influence of the particle size on the 
solidification of colloidal systems have also been reported elsewhere and show an even more 
complex behavior. However, in our own experiments for unsintered composite scaffolds, we 
cannot confirm any changes of the structural wavelength due to the utilized particle size 
(compare Table 4.5). We thus suggest that the reported differences may originate in the 
differing sintering behavior of particles with varying diameters. 
Nevertheless, in freeze casting, lamellar architectures of alternating lamellae of ice and 
dissolved or dispersed material are obtained, which possess a high degree of alignment in the 
direction of the temperature gradient. The width of the ice crystals in the solidified structure, 
and thus the lamellar spacing in the porous scaffolds after lyophilization, is thereby controlled 
through the freezing rate. 
3.6.5 Thermal Properties of Freeze-cast Solids 
To be able to estimate the freezing front velocity and how it can be controlled, it is essential to 
know the thermal conductivity of the solidified structure. The thermal conductivity of the 
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particle-containing lamellae is determined assuming the particle-ice composite walls to be fully 
dense and consisting of randomly close packed ceramic particles whose interstitial voids are 
filled with ice. Krischer and Kröll presented a model to calculate such particle-based composites 
as a combination of serial and parallel elements, as shown in Figure 3.16, and derived a 
formulation for the thermal conductivity of the packed beds λB (Krischer and Kröll 1956): 
 
 
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
 , (3.19) 
 
where ψ1 is the volume fraction of ice within the packed beds, a is a measure for the fraction of 
the serial component, and λI and λP are the thermal conductivities of ice and the particles, 
respectively. 
 
 
 
 
Figure 3.16: a) Schematic of the Krischer-Kröll model to describe the thermal conductivity of a 
packed bed of ceramic particles where all interstitial spaces are filled with the second phase ice. 
b) Simple parallel arrangement of the packed bed lamellae including particles and ice and the 
lamellae of pure ice (Wegst et al. 2010). 
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At the next hierarchical level, the solidified freeze-cast structure consists of alternating 
lamellae of these particle-packed beds and lamellae of pure ice. This arrangement can be 
modeled by a simple parallel arrangement of the two components ice and packed beds (Figure 
3.16 b) which can be derived from Equation 3.19 for the case of a = 0. Thus, the thermal 
conductivity of the solidified, lamellar freeze-cast structure λS can be determined as: 
   BIS  22 1 , (3.20) 
 
where ψ2 is the volume fraction of ice in the lamellae of pure ice. 
 
3.6.5.1 Calculations 
For the particle systems used in this study, values for the thermal conductivity of the packed 
beds λB can be determined as presented in Table 3.2. A random close packing of spherical 
particles corresponds to a volume fraction of 64% from which the volume fraction of ice within 
the packed beds can be determined as ψ1 = 0.36 (Scott and Kilgour 1969).  
 
 
 
Table 3.2: Thermal conductivities λB for packed beds of alumina and ice or hydroxyapatite and 
ice, respectively, according to the Krischer-Kröll model (Equation 3.19). 
Material a ψ1 λP [W/mK] λI [W/mK] λB [W/mK] 
Alumina 0.2 0.36 33 2.14 13.50 
Hydroxyapatite 0.2 0.36 0.77 2.14 1.16 
 
 
 
For the lamellar, freeze-cast structure, the thermal conductivity λS can now be determined for 
slurries with various particle loadings. Table 3.3 shows the results for alumina and 
hydroxyapatite particle loadings in the range from 5% to 50%. The values in the shaded line 
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correspond to the compositions of this study and will be used for further calculations in 
§3.6.6.1. For a particle loading of 0.063, λS was calculated to be 3.26 W/m K for alumina and 
ice and 2.04 W/m K for hydroxyapatite and ice, respectively.  
 
 
 
Table 3.3: Thermal conductivities λS for freeze-cast, lamellar structures containing alumina 
(Al2O3) and hydroxyapatite (HAp) particles of different particle loadings (Equation 3.20). 
ψ2 
Packed 
bed 
volume 
faction 
Particle 
volume 
fraction 
λI 
[W/mK]
λB Al2O3 
[W/mK] 
λB HAp 
[W/mK]
λS Al2O3 
[W/mK] 
λS HAp 
[W/mK] 
0.92 0.078 0.05 2.14 13.50 1.16 3.03 2.06 
0.90 0.099 0.063 2.14 13.50 1.16 3.26 2.04 
0.84 0.156 0.1 2.14 13.50 1.16 3.92 1.99 
0.69 0.312 0.2 2.14 13.50 1.16 5.69 1.83 
0.53 0.469 0.3 2.14 13.50 1.16 7.47 1.68 
0.38 0.625 0.4 2.14 13.50 1.16 9.24 1.53 
0.22 0.781 0.5 2.14 13.50 1.16 11.02 1.38 
 
 
 
3.6.6 Control of Freezing Front Velocity (to Control Lamellar Spacing) 
An important factor in freeze casting is the precise control of the lamellae spacing and the 
lamellae thickness throughout the entire sample height during freezing. As thermodynamic 
conditions are continuously changing within the freezing mold as increasing amounts of the 
suspension solidify, the heat conduction varies continuously, too. The solid, which starts to 
form at the cold source (mold bottom plate), is increasingly affecting the heat transfer from the 
cold source through the solidified region to the still liquid slurry. In the case of water, the 
thermal resistivity increases with the phase transition from water to ice, which leads to a 
decreasing solidification rate experienced by the remaining liquid for a given constant 
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temperature of the cold source. During the freezing process, this decreased freezing front 
velocity would result in an increase of the lamellae spacing. Thus, it is impossible to obtain a 
homogeneous, lamellar structure with a constant lamellar spacing along the height of the 
structure, if the cold source provides a constant temperature. To overcome this problem, the 
temperature of the cold source is decreased during the freezing process to compensate for the 
increasing thickness of the solidifying layer. 
A thermodynamic description of this phenomenon is given in the so-called Stefan-
problem, which applies to phase transitions in materials with a moving phase boundary. For the 
situation of the propagating solidification front, it can be derived from a balance of the latent 
heat hE, which is set free during solidification and its necessary conduction through the 
solidified layer to the cold source. It can be formulated as (Baehr and Stephan 2006): 
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, (3.21) 
where t denotes the time it takes to solidify a layer of thickness s, ρL and λS are the density of the 
liquid and the thermal conductivity of the solidified layer, respectively, hE is the latent heat of 
solidification and TE and T0 are the solidification temperature of the liquid and the temperature 
of the cold source, respectively, where T0 < TE. From this equation, a quasi-static approximation 
can be derived for the case of a solidifying layer starting from a flat plate, which is cooled by a 
fluid of temperature T0. This case describes appropriately the freeze casting device used in this 
study, which consists of a slurry-filled mold which is sealed with a copper bottom plate. The 
mold is cooled by a cold finger that is immersed in liquid nitrogen. For a mold bottom plate of 
thickness δC that has a thermal conductivity λC, the freezing front progresses as (Baehr and 
Stephan 2006): 
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where α is the heat transfer coefficient between the cooling fluid and the copper plate. 
From this expression, the velocity at a given position s of the solidification front can be 
determined according to (Baehr and Stephan 2006; Wegst et al. 2010): 
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To realize a constant freezing front velocity throughout the height of the sample, the 
temperature T0 applied to the copper bottom plate has to be varied as (Baehr and Stephan 2006; 
Waschkies et al. 2009): 
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3.6.6.1 Calculations 
The freezing rates used in this study were 1°C/min and 10°C/min. The freezing point of the 
slurry was assumed to be ~0°C and the temperature T0(t) of the cold finger was linearly 
decreased with time until the final freezing temperature of -80°C was reached. Thus, for a 
freezing rate of 10°C/min a temperature of -80°C is reached after 8 minutes, while for a freezing 
rate of 1°C/min, a temperature of -8°C is reached after the same amount of time (t = 480 s). The 
heat transfer coefficient α was experimentally determined in our lab to be 200 W/m2 K, the 
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thickness of the copper bottom plate δC was 5 mm, and the thermal conductivity of copper λC is 
400 W/m K. Rearranging Equation 3.24, the quadratic expression for v can be solved. Using the 
property values of above and those listed in Table 3.4, a freezing front velocity of 4.3 µm/s was 
calculated for a freezing rate of 1°C/min, and a freezing front velocity of 26.8 µm/s for 
10°C/min. 
 
 
 
Table 3.4: Properties of freeze-cast slurries and calculated constant freezing front velocities. 
Freezing 
rate 
[K/min] 
T0(480s) 
[K] 
TE 
[K] 
ρL 
[g/cm3] 
hE 
[J/g]
λS 
[W/m K]
δC 
[mm]
λC 
[W/m K] 
α 
[W/m2 K]
v 
[µm/s] 
1 265 27
3 
1 334 3.26 5 400 200 4.3 
10 193 27
3 
1 334 3.26 5 400 200 26.8 
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Chapter 4: Highly Porous Hybrid Materials by Freeze Casting 
Hierarchical Level 1: 
 
4.1 Structural Control by Variation of Cooling Rate 
As discussed in Chapter 3, the thermal properties of the solidifying slurries can be calculated 
based on the properties of the components in the slurry. They determined the freezing behavior 
and the structural features of the solidifying material in dependence of the applied freezing rate. 
In this chapter, first the effect of the freezing rate on the materials’ structure and properties, then 
that of the additive ethanol, are systematically explored. Both, the freezing rate and additives 
were found to allow for a careful control of the lamellar spacing and the pore size within the 
hybrid scaffolds. Thus, the structure can be tailored for a given application at this first level of 
the structural hierarchy. 
4.1.1 Temperature Measurement during Freeze Casting 
To be able to predict the structure and properties of a freeze-cast scaffold, the temperature 
profile in the freeze casting mold was measured. In the first instance, it was important to 
determine the freezing front velocity v and how constant it is along the height during the entire 
freeze casting process. From the temperature measurements at the different thermocouples, the 
local cooling rate T  and the local temperature gradient G could be calculated. Experimentally, 
this was realized with a custom-made freezing mold in which six thermocouples, equally spaced 
at 6.4 mm were embedded along the height of the PTFE mold as shown in Figure 4.1. 
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Figure 4.1: Custom-made thermocouple mold equipped with 6 thermocouples along its height. 
The thermocouples were connected to a data acquisition unit where the temperatures measured 
at each thermocouple were recorded over time. 
 
 
 
The measurements were performed on slurries including small particles which were prepared as 
described in §3.5.2. They were freeze-cast at the two different freezing rates of 1°C/min and 
10°C/min. During freeze casting, the temperature at each thermocouple was recorded against 
time. The acquired data was evaluated to obtain the: 
a) Freezing front velocity v. Since the distance between adjacent thermocouples is known, the 
velocity of the freezing front could be determined from the progression of temperature 
contours. 
b) Local cooling rate T . The slope of the recorded temperature-time curves during cooling at 
each thermocouple represents the respective local cooling rates. 
c) Local temperature gradient G. For each thermocouple, the local temperature gradients were 
determined as the slope of the temperature/position curves at the thermocouple which 
reached a temperature of 0°C. 
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4.1.1.1 Freezing Front Velocity 
The freezing front velocity was determined from the plots shown in Figure 4.2. For the 
temperature contours of 0°C, -5°C and -10°C, the position was plotted against time as the 
solidification front traveled along the height of the mold. By doing so, the freezing front 
velocity could be calculated from the slope of these contour-lines. As long as these contours are 
a straight line and possessed a constant slope, the freezing front velocity was constant. 
 
 
 
 
Figure 4.2: Height/time diagrams showing the position and velocity of the 0°C contour as well 
as the -5°C and -10°C contours as the solidification front is traveling through the sample for 
a) 1°C/min and b) 10°C/min. 
 
 
 
For a freezing rate of 1°C/min, a constant freezing front velocity was found with a value of 
7.4 µm/s (see black curve in Figure 4.2 a). Also the contours for -5°C and -10°C had a constant 
slope, but a slightly lower velocity, leading to a decreasing local cooling rate with increasing 
sample height. For a freezing rate of 10°C/min, a constant freezing front velocity was found 
until a height of about 18 mm (Figure 4.2 b). Above this height, the curve fell off significantly, 
showing a considerable reduction of the freezing front velocity. The initial, constant freezing 
front velocity was determined to be 27.7 µm/s. Also, the three different temperature contours 
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fanned off significantly, showing a further slowing of the -5°C and -10°C temperature fronts 
and indicating a significant decrease in the local cooling rate. 
These results are important for the structure-property-processing correlations. At a 
freezing rate of 1°C/min, a constant freezing front velocity could be sustained for all three 
layers from which the mechanical testing cubes were cut, whereas for 10°C/min, a constant 
freezing front velocity was realized only for the first two layers. 
Comparing experimental and predicted values, a good agreement was found. At a 
freezing rate of 1°C/min, the measured and calculated values were 7.4 µm/s and 4.3 µm/s. At 
10°C/min they were 27.7 µm/s and 26.8 µm/s, respectively. 
4.1.1.2 Local Cooling Rate 
The experimentally determined local cooling rates are shown in Figure 4.3. For both applied 
freezing rates, the local cooling rates measured at the first thermocouple already deviated 
significantly from the applied ones. At 1°C/min, the first measured local cooling rate was 13% 
lower than the applied one, at 10°C/min, it was 27% lower. When the solidification front 
traveled through the sample up to a height of 27 mm, the local cooling rate further decreased 
from this first measured value by 34%, at 1°C/min, and by 88%, at 10°C/min. Hence, while for 
1°C/min the freezing front velocity was constant up to a height of 33 mm, the local cooling 
range T  decreased by 34%. For the 10°C/min, T  decreased by 66% for a height of 18 mm, 
until which the freezing front velocity was kept constant. Thus, even though a constant freezing 
front velocity is achieved, the local cooling rate decreases significantly, affecting the structure 
and properties, as will be shown later.  
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Figure 4.3: Local cooling rates as measured along the height of the freezing mold for 1°C/min 
(black) and 10°C/min (red). The dotted lines show the cooling rate applied to the copper bottom 
plates of the molds. The solid lines are a polynomial fit to indicate the observed trends. 
 
 
 
4.1.1.3 Local Temperature Gradient 
For both applied freezing rates of 1°C/min and 10°C/min, the local temperature gradient G was 
determined individually for all thermocouples. When the first thermocouple reached 0°C, the 
temperature of all other thermocouples was recorded and plotted against the thermocouple 
height. A curve of the form y = A + Bx + Cx2 was fitted and the slope of the height/temperature 
graph at the position of the thermocouple at 0°C was calculated. The computed slope is the local 
temperature gradient G. This procedure was repeated for all remaining thermocouples and both 
freezing rates. Figure 4.4 shows the results, G plotted against the height of the thermocouple in 
the mold. The calculated slope at each thermocouple for a temperature of 0°C describes the 
local temperature gradient G at the solid-liquid interface. Interestingly, G decreases 
significantly for both freezing rates, even though the freezing front velocity was almost constant 
for the slower freezing rate of 1°C/min.  
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Figure 4.4: Local temperature gradient G at the solid-liquid interface determined at various 
heights of the freezing mold. 
4.1.2 Lamellar Spacing 
While the temperature profiles were measured only for the small particle slurries, the lamellar 
spacing was measured on alumina-chitosan-gelatin hybrid scaffolds including small, bimodal 
and large particles, freeze-cast at 1°C/min and 10°C/min. The results are shown in Figure 4.5 
where the average lamellar spacing and standard error are plotted. It should be pointed out, that, 
unlike for other graphs in this thesis, in this case the standard error (SE) was used instead of the 
standard deviation (SD). This was done because of the large number of measurements (n > 50) 
compared to mechanical testing data, where n ≥ 9. Thus a confidence interval, given by the SE 
is reported rather than the SD. On average, the lamellar spacing decreased from 34 µm to 27 µm 
with an increase in applied cooling rate from 1°C/min to 10°C/min. 
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Figure 4.5: Average lamellar spacing and standard error (SE) measured from SEM micrographs 
at three different sample heights for a) 1°C/min and b) 10°C/min. 
 
 
 
With the decrease in lamellar spacing, also the wall thickness of the lamellae decreased. 
This effect is explicable by the decreased pore size and thus the increased number of pores 
within the structure. As the same amount of material has to be distributed in a larger number of 
pore walls (lamellae), these have to be thinner. A detailed list of the lamellar spacing and the 
corresponding wall thicknesses for each composite type is given in Table 4.1. Independent of 
the particle sizes, the lamellar spacing was in the same range and followed the same trends. 
These trends were an increasing lamellar spacing with increasing sample height. While this 
increase was much more significant for 10°C/min, it was still clearly observed for 1°C/min. The 
distinct deviation of the lamellar spacing for the third layer of the 10°C/min samples was clearly 
correlated to the slowing down of the freezing front as reported in §4.1.1.1. However, the 
lamellar spacing also increased with increasing height for the samples frozen at 1°C/min; in this 
case the freezing front velocity had been constant for the entire sample height. An increase in 
lamellar spacing was further observed for the first two layers of the 10°C/min samples, for 
which the freezing front velocity had also been almost constant. Thus, small variations of v have 
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a great effect, making a simple correlation of the freezing front velocity with the lamellar 
spacing difficult. 
 
 
 
Table 4.1: Overall porosity calculated from weight and volume, lamellar spacing and wall thick 
measured on SEM micrographs. 
Freezing 
rate 
[°C/min] 
Alumina 
particle 
size 
Overall 
porosity [%] 
Average lamellar 
spacing [m] 
Wall 
thickness 
[m] 
1 400 nm 91.4 ± 0.1 30.97 ± 0.92 5.79 ± 1.06 
1 
30:70 
400 nm:10 µm 90.8 ± 0.1 36.88 ± 0.83 3.12 ± 0.67 
1 10 µm 90.5 ± 0.2 36.45 ± 0.88 0.55 ± 0.38 
     
10 400 nm 91.8 ± 0.1 22.66 ± 0.50 2.79 ± 1.00 
10 
30:70 
400 nm:10 µm 
90.9 ± 0.1 30.52 ± 0.60 2.09 ± 0.20 
10 10 µm 90.2 ± 0.1 25.06 ± 0.66 0.32 ± 0.06 
 
 
 
The results suggest that the increase in lamellar spacing can be explained by a decrease in local 
cooling rate and a decrease in the local temperature gradient. While most studies only correlate 
the freezing front velocity with the lamellar spacing, we suggest expanding the analysis by 
including influences of the local cooling rate and the local temperature gradient. 
4.1.3 Discussion 
For freezing front velocities of 7.4 µm/s (1°C/min) and 27.7 µm/s (10°C/min), lamellar spacings 
λ of 35 µm and 26 µm were obtained, respectively. Assuming a correlation of the type λ = v-n, 
as discussed in §5.1.4, these values result in an exponent of n ≈ 0.2. Figure 4.6 shows that this 
value of n is significantly lower than those for other freeze-cast materials reported in the 
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literature. There are various reasons for this. Firstly, all studies that have been published for 
freeze cast ceramics, to date, investigate the obtained structure after sintering (Deville et al. 
2007; Waschkies et al. 2009). However, varying amounts of shrinkage occur during sintering, 
depending on the size of the ceramic particles, resulting in considerable differences of the 
structural wavelength λ, even for identical freezing conditions. In this study, it was additionally 
found that ceramic samples frozen at higher cooling rates shrink more during sintering than 
samples frozen at lower cooling rates (Hunger 2011). As a result, the lamellar spacing decreases 
more for samples experiencing fast freezing front velocities, amplifying the correlation given in 
Equation 3.15. Furthermore, the way Deville et al. determined the freezing front velocity, an 
average over the total sample height is obtained, rather than a precise value along the height of 
the mold: they measured the time it took to solidify a complete sample and divided the sample 
height by this value. Particularly for the high cooling rates, for which a double-sided cooling 
setup was used, which seals both ends of the mold with a cold finger, it must have been very 
difficult to accurately determine the time to complete solidification. The slope of the line 
connecting the black crosses in Figure 4.6 is based on the measurements for the high cooling 
rate and is therefore questionable in its accuracy. 
Another important issue to address is the way the lamellar spacing λ, also called 
structural wavelength, is determined. In all published studies, the structural wavelength is 
measured as shown in Figure 3.15; thus, it includes the width of the pore as well as the 
thickness of the pore walls. Because the amount of dispersed second phase material has a 
significant influence on the thickness of the walls between the ice crystals, this approach 
introduces additional errors. While the ice crystal size, or more precisely the ice crystal width, is 
controlled by the applied freezing conditions, the intercrystalline wall thickness only depends 
on the amount of dispersed material and is thus independent of the freezing rate (Hunger 2008). 
In this study, we, therefore, measure the lamellar spacing as the pore width between second 
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phase lamellae, to obtain measurements for the templating ice phase independently of the 
amount of second phase material. 
 
 
 
 
Figure 4.6: Correlation of lamellar spacing λ and freezing front velocity v as reported by 
Deville et al. The red squares indicate the values obtained in our study (Deville et al. 2007). 
 
 
 
During the directional solidification of solutions and slurries, three different zones exist: 
the completely solidified, frozen zone, the freezing zone with partly frozen material in which 
the ice dendrites extend and the polymer phase is already more concentrated but has not yet 
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reached is glassy state (slushy zone) and the completely liquid zone ahead of the freezing front 
(Figure 4.7). 
 
 
 
 
Figure 4.7: Slushy zone between frozen zone and liquid slurry. The size of this slushy zone is 
determined by the freezing front velocity, the local cooling rate and the local temperature 
gradient. 
 
 
 
Our hypothesis is that the size of the freezing zone is determined by the three previously 
discussed parameters shown in Figure 4.8 a, b and c: freezing front velocity v, local temperature 
gradient G and local cooling rate T . Furthermore, the lamellar spacing is not only depending on 
the freezing front velocity but also on the local cooling rate and the temperature gradient. 
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Figure 4.8 d combines all three factors in one plot and shows the correlation between them. As 
indicated by the arrow, the local cooling rate increases with an increasing freezing front 
velocity, while the local temperature gradient decreases. Thus, through a variation of these three 
parameters, the structural features of freeze-cast hybrid scaffolds can be controlled. The 
correlation of freezing front velocity and lamellar spacing is shown in Figure 4.8 e. The freezing 
front velocities were interpolated from the curves shown in Figure 4.8 a for the three sample 
heights corresponding to the measurements of the lamellar spacing shown in Figure 4.5. For the 
different freezing rates, the correlations of the lamellar spacings and the freezing front velocities 
differ considerably. This can be explained by the large differences of the respective local 
cooling rates and local temperature gradients (Figure 4.8 f). 
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Figure 4.8: a-c) Development of the freezing front velocity v, the local temperature gradient G 
and the local cooling rate T along the height of the freezing mold. d) T plotted against G, 
showing the correlated freezing front velocity v. e) Lamellar spacing λ plotted against v f) T
against v, showing the corresponding local temperature gradient G. 
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4.2 Structural Control through the Additive Ethanol 
Described in the previous section was how the structural features of freeze-cast materials can be 
controlled through the applied cooling rate without any changes in slurry composition. In this 
section, the structural control through the additive ethanol is explored, while keeping the 
cooling rate constant. 
4.2.1 Theoretical: Aqueous Ethanol Solutions 
4.2.1.1 Freezing Point Suppression 
One important effect of the additive ethanol is that it reduces the freezing point of water. 
Takaizumi and Wakabayashi determined a phase diagram for the binary system ethanol-water 
and showed that there is a steep decline of the liquidus line up to a mole fraction of  χ* = 0.17 
(Takaizumi and Wakabayashi 1997). Thus, the freezing point decreases from 0 to -30°C when 
the mole fraction increases from 0 to 20%. The authors further identified an inflection point of 
the liquidus line at χ* = 0.17 (Figure 4.9) which was also observed in the methanol-water and 
propanol-water systems. To explain this change in the slope of the liquidus line, three different 
zones of the phase diagram were defined and a model established to describe the corresponding 
freezing behavior. I) For χ < χ* alcohol was dissolved in water as solvent and the mixture was 
water-rich. All alkyl groups are surrounded by water molecules, which, due to their polar 
character are influenced by the alkyl groups in terms of their energy and orientation. As water 
molecules still directly interact with each other, clustering of these water molecules to form 
nuclei during solidification is favorable. II) For a small range of possible concentrations larger 
than χ*, direct contact between alkyl groups occurs. Thus, clusters of alcohol molecules can 
form and during solidification not only pure ice but also a metastable hydrate can be formed. 
The increased interaction of alkyl groups with each other results in a decreased probability of 
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alkyl groups to interact with water molecules. As this water-alkyl interaction is responsible for 
the freezing point depression, the suppression of the freezing point is decreased. This is shown 
as the deflection of the liquidus line in the phase diagram. Following this explanation, the size 
of the alkyl groups should influence the value of χ* as more water molecules are necessary to 
encase larger alcohol molecules. In other words, larger alkyl groups start to interact at lower 
concentrations and thus for higher alcohols, χ* should be shifted to smaller values. Takaizumi 
and Wakabayashi confirm this for the three observed alcohol-water systems as the value of χ* 
decreases from 0.3 to 0.17 and 0.1 from propanol to ethanol to methanol. III) For χ > χ*, water 
is dissolved in alcohol. Due to the high concentration of alcohol molecules, water molecules 
mainly interact with alkyl groups, contact between water molecules is rare. The formation of 
clusters of water molecules to form nuclei during solidification is thus unfavorable. As a result, 
the solid formed upon freezing is not ice, but the hydrate. 
When using ethanol as an additive for freeze casting, it is thus important to identify the 
corresponding region of the ethanol concentration used to determine not only the expected 
freezing point, but furthermore the phases formed upon solidification. Most research groups, 
who reported the use of ethanol as an additive for freeze casting used compositions that fall into 
the first region below χ* = 0.17 which corresponds to an ethanol volume fraction of 40%. The 
maximum ethanol volume fraction used in this study was 20%, corresponding to χ = 0.072. 
 
 
108 
 
 
Figure 4.9: Phase diagram for the system ethanol-water as reported by Takaizumi and 
Wakabayashi (Takaizumi and Wakabayashi 1997). 
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4.2.1.2 Effect of Ethanol on Viscosity 
Another effect of the addition of ethanol to a freezing slurry or solution is a change in viscosity. 
Especially for the system water-ethanol, this effect is very interesting, as it follows a non-
intuitive trend. Ethanol and distilled water have very similar viscosities of 1.1 and 1.12 mPa s 
(Theron et al. 2004). Following the rule of mixture, for all possible concentrations, the viscosity 
of the mixture should fall into a region between those two values. However, the viscosity 
reaches a maximum at a concentration of about 50 vol% ethanol (corresponding to a mole 
fraction of ~23%) and decreases towards both higher concentrations of water or ethanol (Yusa 
et al. 1977; Wensink 2003). For a water-ethanol solution with an ethanol concentration of 
40 vol%, Theron et al. report a viscosity of 2.49 mPa s which is more than twice the viscosity of 
either ethanol or water. Similar measurements were reported by Tanaka et al., who measured a 
viscosity of 2.34 mPa s for an ethanol volume fraction of 45% and viscosities of 0.89 mPa s and 
1.09 mPa s for water and ethanol, respectively (Tanaka et al. 1977). 
This change in viscosity in the water-ethanol system has been investigated and 
explained in the following way. Alcohol molecules have a hydrophobic alkyl group and a 
hydrophilic hydroxyl group. When added to water, hydrogen bonds form between the hydroxyl 
groups and the adjacent water molecules; the hydrophobic hydrocarbon tail leads to an 
increased order among the surrounding water molecules. Thus, through the addition of ethanol, 
the order of the system is increased. However, an opposite process is found in the increased 
solute-solvent interaction with the increased addition of ethanol. The two processes compete, 
which results in the viscosity change and the presence of a maximum (Ageno and Frontali 1967; 
Wolf and Kudish 1980; Tanaka et al. 1987). 
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4.2.1.3 Variation of Ice Crystal Growth in the Presence ofAdditives 
Hexagonal ice exhibits a significant anisotropy in growth rates in the a- and c-directions as 
discussed in §3.2. This anisotropy was found in all systems investigated in the literature, to date. 
With additives, however, the growth rates in both directions can be changed, and a smaller or 
larger growth anisotropy can be achieved (Hobbs 1974). Ryan and Macklin studied several 
aqueous solutions including additives like sucrose, potassium fluoride (KF), caesium fluoride 
(CsF) and lithium iodide (LiI) at various concentrations and found in all but one case that the 
growth rate in the c-direction increased compared to pure water (Macklin and Ryan 1968; Ryan 
and Macklin 1968). This reduces the growth anisotropy and thus the aspect ratio of the ice 
crystals, resulting in shorter but thicker ice crystals. These changes in growth kinetics can be 
explained by four factors (Hobbs 1974): 1) The additive changes the thermal diffusivity of the 
solution. 2) The solute is rejected and lowers the equilibrium liquidus temperature at the solid-
liquid interface (see §5.1.3). 3) The solute is absorbed onto specific ice crystal facets. 4) The 
additive affects the mobility of water molecules. Additionally, it was observed in the case of 
water-soluble polymers that molecules of the solute adsorbed onto the surface growing into the 
supercooled liquid, thereby inhibiting further longitudinal growth, but fostering lateral ice 
crystal growth (Inada and Modak 2006). 
4.2.1.4 Phase separation during Freezing 
Ethanol-water solutions not only exhibit a different crystal morphology upon freezing, but also 
undergo phase separation according to the phase diagram shown in Figure 4.9. In the case of 
solutions and slurries for freeze casting, which consist of a biopolymer in aqueous acetic acid to 
which ethanol is added, the system is much more complex. Phase separations occur that 
separate the biopolymer from the growing crystals in addition to a phase separation due to 
crystallization of different types of ice crystals. Ashbrook reported solidification patterns for a 
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three-phase system of AlCuNi and compared these to schematics of the solidification front as 
shown in Figure 4.10 (Ashbrook 1977). The author observed either primary dendrites, 
consisting of only one phase, a two-phase eutectic cell or a three-phase composite. Thus, a 
lamellar structure of three phases was created with various lamellae thicknesses. A similar 
multi-phase separation may occur in our water-ethanol-chitosan solutions. It would be expected 
that upon cooling, firstly crystals of pure ice form, followed by a peritectic of ethanol and water 
and lastly a glassy phase of water, ethanol and chitosan. 
 
 
 
 
Figure 4.10: Directional solidification of a three-phase system and schematic of the freezing 
front including primary dendrites and interlamellar three-phase arrangements as reported by 
Ashbrook (Ashbrook 1977). 
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4.2.2 Experimental 
4.2.2.1 Sample Preparation 
To test the effect of different ethanol concentrations on structure and properties, slurries of 
alumina platelets in chitosan solutions were prepared as described in §3.5.2. All samples 
included the same amount of ceramic filler, but different amounts of ethanol. In addition to a 
control with 0% ethanol, the four ethanol concentrations 5, 10, 15 and 20% (v/v) were studied. 
All slurries were freeze-cast at a cooling rate of 10°/min. After lyophilization, the scaffolds 
possessed an overall porosity of 91.3 ± 0.6%. 
4.2.2.2 X-ray Microtomography 
For X-ray microtomography, rectangular samples of 5 mm  5 mm and a thickness of 2 mm 
were cut with a diamond wire saw so that the 2 mm dimension was oriented parallel to the 
freezing direction. For tomography, the sample was mounted upright on a cylindrical metal 
holder and placed in a SkyScan 1172 high-resolution desktop micro-computed tomography 
system (SkyScan, Kontich, Belgium). Radiographs were taken at a voltage of 59 kV, a current 
of 167 µA and a pixel size of 1.47 µm.  An exposure time of 2356 ms and a frame averaging of 
5 was used. The rotational step size was 0.15°, thus 1200 angles were used for reconstruction. 
This tomographic reconstruction was performed with the SkyScan software NRecon. 
4.2.2.3 Determination of Chord Length Distribution 
The chord length distribution was determined with a numerical algorithm described in detail 
elsewhere (Turner et al. 2012). The algorithm allows to determine the length of continuous lines 
with a certain pixel value (chords) within a two dimensional image in dependence of the angle 
θ, measured from the vertical of the image. Thus, in a binarized image, chords can be 
determined whose pixel value is either 0 or 1. In the case presented in this study, pores are 
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represented by a value of 1 whereas lamellae have the value 0. The chords in the image are 
parameterized by a length x and an angle θ and a chord length distribution can be established in 
dependence of θ. When used for binarized tomography cross-sections, as in this study, the chord 
length distribution can be used to quantify the size of imaged features in dependence of the 
angle θ to the vertical of the image. Thus, within lamellar structures, the average spacing 
between adjacent lamellae can be determined in a systematic and objective way as all pixels 
within the image are considered and all pores present are analyzed. Finally, when knowing the 
correlation between the image pixel size and the length scale of the investigated specimen, a 
complete chord length distribution (for example in micrometers) can be established for 
0 < θ < 180° and plotted in a pole figure against θ. Such a pole figure provides information 
about the average lamellar spacing within the lamellar scaffolds as well as the homogeneity of 
the structure and the aspect ratio of the elongated pores. 
4.2.3 Scaffold Structures 
4.2.3.1 Optical Microscopy 
With increasing amount of ethanol, the lamellar spacing within the scaffolds increased 
significantly as observable with the naked eye in Figure 4.11. There seem to be two significant 
changes in the lamellar spacing and pore structure. Firstly, with the addition of 5% ethanol, the 
lamellar spacing is considerably increased in comparison to the control without ethanol. With 
further addition of ethanol, no obvious changes in the lamellar spacing occur. However, with 
the addition of 20% ethanol, the microstructure is notably altered: several large pores appear 
within the lamellar arrangement spaced by groups of small pores. This bimodal pore size 
distribution is compelling and is not observed for any of the lower ethanol concentrations. 
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Figure 4.11: Cross-sections of scaffolds perpendicular to the freezing direction showing 
significant differences in the lamellar structure obtained with a) 0% b) 5% c) 10% d) 15% 
e) 20% ethanol. Side length of the specimens is 5 mm. 
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4.2.3.2 X-ray Microtomography 
Tomography scans were performed on the samples that had first been characterized by optical 
microscopy. While the same trends were found (increasing pore size with increasing ethanol 
content, bimodal pore size distributions for ethanol contents > 15%), tomography possessed the 
great advantage, that the data could easily be binarized for future processing. The cross-sections 
for all five compositions are shown in Figure 4.12. All exhibit a lamellar structure, but the pore 
sizes vary significantly from composition to composition. The 3D structures of the freeze-cast 
scaffolds differ significantly and are shown in the volume renderings in Figure 4.13. Figure 4.14 
shows the image-processed tomography scans that have been binarized, rotated and cropped for 
chord length analysis. 
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Figure 4.12: Tomography scans of scaffolds frozen with various amounts of ethanol: a) 0% 
b) 5% c) 10% d) 15% e) 20%. Side length of the specimens is 5 mm. 
117 
 
 
Figure 4.13: Volume renderings of tomographic reconstructions of scaffolds made with varying 
amounts of ethanol. a) 0% b) 5% c) 10% d) 15% e) 20% ethanol.  
Side length of the specimens is 2 mm. 
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Figure 4.14: Binarized tomography scans showing the images used for the chord length 
analysis. a) 0% b) 5% c) 10% d) 15% e) 20% ethanol.  
Side length of specimens is 5 mm. 
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4.2.4 Chord Length Analysis 
The chord length distributions determined on the slices are shown in Figure 4.15. Several 
observations can be made: Firstly, the addition of ethanol significantly increases the lamellar 
spacing within the hybrid scaffolds. The control scaffolds made without ethanol had an average 
lamellar spacing of 30 µm (seen as the dark red distribution peak in the cutout shown in Figure 
4.16 a). The addition of 5%, 10%, 15% and 20% (v/v) of ethanol increased the lamellar spacing 
from 30 µm to 80 µm, 70 µm, 90 µm and 190 µm, respectively. Compared to the control, the 
average lamellar spacing was increased by a factor of 6 for an ethanol content of 20%. 
Secondly, the addition of ethanol affects the pore size distribution and the structural 
homogeneity as indicated by the shape of the chord length distribution patterns of Figure 4.15 
and the close-ups shown in Figure 4.16. The patterns for 0, 5 and 10% ethanol have the shape of 
elongated ovals with their center at a rotational angle of 0°. These patterns correspond to a 
homogeneous microstructure of elongated pores with straight cell walls and a unimodal pore 
size distribution as shown in Figure 4.12. However, for 15% ethanol, the regular oval shape of 
the chord length distribution is lost and an irregular pattern is obtained. This indicates that the 
homogeneous lamellar structure starts to break down as observed in Figure 4.12, Figure 4.13, 
and Figure 4.14. The cell walls become wavy and a bimodal pore distribution develops. Finally, 
with the addition of 20% ethanol, the chord length distribution pattern becomes strongly 
distorted; instead of oval, it is almost spherical in shape. 
Finally, there is a significant difference in the longest measured chord for the different 
structures, as indicated by the scale in the pole figures in Figure 4.15. All pole figures are scaled 
to the longest chord present and thus allow for a comparison of the largest chord length within 
the different microstructures. For 0%, 5%, 10%, 15% and 20% ethanol (v/v), the longest chord, 
representing the maximum long pore axis, was found to be 430 µm, 1460 µm, 1200 µm, 
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1380 µm and 2200 µm, respectively, showing an increase by a factor of more than 5 from the 
smallest to the largest. The results are summarized in Table 4.2. 
 
 
 
Table 4.2: Average lamellar spacing and length of the longest measured chord for the scaffolds 
made with various ethanol contents. 
Ethanol Content 
[%] 
0 5 10 15 20 
Average lamellar spacing 
[µm] 
30 80 70 90 190 
Longest chord 
[µm] 
430 1460 1200 1380 2200 
 
 
 
In summary, the structural dimensions could be determined using the chord length 
distribution analysis: the average lamellar spacing (short pore axis), the pore size distributions 
and the length of the largest measured chord (long pore axis). For all three properties, the 
investigated structures can be clustered in three groups. 
The first group is represented by the control scaffold made without ethanol. For this 
scaffold type, the smallest lamellar spacing was determined for a homogeneous lamellar 
structure with a largest chord of 430 µm, which is the smallest in comparison to the other 
scaffold types. In the second group, the scaffolds made from 5, 10 and 15% ethanol can be 
found. They exhibit an intermediate lamellar spacing around 80 µm, mostly possess a 
homogeneous, lamellar microstructure and possess a largest chord on the order of 1300 µm. In 
the third group, only the scaffolds made with 20% ethanol can be found. Scaffolds of this type 
possessed the largest average lamellar spacing with a value of 190 µm. They further exhibit a 
bimodal pore size distribution and possess the largest measured chord. 
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Figure 4.15: Pole figures showing chord length distributions of structures freeze-cast with 
various amounts of ethanol; a) 0% (control) b) 5% c) 10% d) 15% e) 20%. 
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Figure 4.16: Magnifications of the pole figures of the chord length distributions shown in Figure 
4.15. 
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4.2.5 Mechanical Performance 
As expected, the structural differences of the scaffolds are reflected in the mechanical 
properties. Young’s modulus and the yield strength first increase, then decrease with ethanol 
content (Figure 4.17). An ethanol content of 10% and 15% results in the maximum modulus 
(59 MPa) and maximum yield strength (1.1 MPa), respectively. However, the largest increase in 
mechanical performance was observed for 5% ethanol compared to the scaffolds frozen without 
ethanol. The increase in Young’s modulus was 55% while the yield strength was higher by 
115%. The scaffolds made with 5, 10 and 15% ethanol have a very similar modulus; it only 
varies by about 6%. For an ethanol content of 20%, the mechanical performance dropped 
notably and reached a level close to the control scaffolds. In general, the yield strength could be 
varied by a factor of almost 3 from 0.41 to 1.12 MPa, and the Young’s modulus by a factor of 
about 1.5 from 36.1 MPa to 59.3 MPa. 
 
 
 
 
Figure 4.17: Young’s modulus and yield strength of freeze-cast hybrid scaffolds in dependence 
of ethanol content. 
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4.2.6 Discussion 
Several interesting observations were made when the effect of the additive ethanol on the 
freezing, structure and properties of the freeze-cast scaffolds were studied. The time it took to 
completely freeze a sample increased, when 5% ethanol was added, but was almost unchanged 
for the different ethanol contents and remained at about 100 min for a slurry of 11 mL. A 
change in viscosity, which would result in an altered sedimentation was not observed as a clear 
trend either. Viscosity measurements for the polymer solutions including the different amounts 
of ethanol yielded no change in viscosity larger than the empirical error of the measuring device 
(Table 4.3). This was further confirmed by comparing the mechanical properties of the three 
tested layers: with an increased sedimentation, the mechanical properties along the height of the 
samples are expected to change significantly and with it the mechanical properties between the 
layers. Plotted in Figure 4.18 are the Young’s moduli and yield strengths measured for the 
individual layers. They reveal that the mechanical properties decrease with a decreasing height 
along the sample. This decrease in Young’s modulus was in the range of 12 to 27% whereas the 
yield strength decreased between 20 and 36%. However, this change in mechanical performance 
with sample height did not increase with increasing ethanol content. All sample types showed a 
similar variation of the mechanical properties with respect to the height along the sample, which 
can also be seen from the size of the error bars in Figure 4.17. Thus, changes of the slurry 
viscosity due to the addition of ethanol did not significantly alter the sedimentation and were 
not found to influence the mechanical performance. 
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Table 4.3: Viscosity of chitosan solutions for increasing ethanol contents. 
Ethanol 
content 
[%] 
0 5 10 15 20 
Viscosity 
[mPa s] 
100.8 ± 6.5 99.5 ± 7.2 102.8 ± 6.5 99.4 ± 6.3 104.8 ± 7.7 
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Figure 4.18: Young’s modulus and yield strength as determined for the three sample layers 
plotted against the ethanol content of the slurries. 
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The freezing kinetics and the growth rates of the solidifying ice crystals in the a- and c-direction 
are significantly influenced by the addition of ethanol. The pores undergo a considerable 
coarsening with the addition of ethanol and the lamellar spacing increases by more than 100% 
through the addition of 5%. The measured increase in lamellar spacing is correlated to a larger 
ice crystal size during solidification, which results in larger pores and thicker cell walls after 
lyophilization. Increased lamellar spacings, through the addition of ethanol, have been reported 
in the literature, however, explanations of the underlying effects or further insight into the 
involved mechanisms were not provided in these studies (Munch et al. 2009). We hypothesize 
that the depression of the freezing point gives the water molecules more time to diffuse to the 
growing ice crystals before complete solidification is achieved. Thus, larger ice crystals are 
obtained, which result in larger pores and a larger lamellar spacing after lyophilization. This 
hypothesis is further backed up by the high diffusion coefficient of water in ethanol which is 
1.22 × 105 cm2/s for ethanol concentrations over 95% (Lees and Sarram 1971). As a 
comparison, the self-diffusion coefficient of water for the same temperature is 2.57 × 105 cm2/s 
(Wang 1965). Thus, the small water molecules have a high mobility in ethanol and can diffuse 
to the growing ice crystals. 
Even more important than the mere ice crystal size, however, is the variation of the 
obtained pore shapes due to the addition of ethanol. Figure 4.11, Figure 4.12, Figure 4.13, and 
Figure 4.14 show that the control scaffolds possess a microstructure of long lamellae which 
extend as long as a complete domain. When ethanol is added, the lamellar spacing increases and 
the pores obtain a more oval shape with many cross connections between adjacent lamellae. 
This was quantified by measurements of the small and large pore axis on tomography cross-
sections. From these pore axes, the aspect ratio of the pores was determined as the ratio of large 
to small pore axis. The results are listed in Table 4.4: with increasing ethanol content, the pore 
aspect ratio decreases. Hence, the aspect ratio of the ice crystals decreases which must be 
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correlated to a variation of ice crystal growth rates in the a- and c-direction. Thus, similar to the 
reported increase in ice crystal growth in the c-direction through the addition of salts or water-
soluble polymers, ethanol affects the growth rates, too (Macklin and Ryan 1968; Inada and 
Modak 2006). With increased ethanol content, the growth anisotropy between the a- and c-
directions is reduced, leading to thicker, but narrower, ice crystals as shown in Figure 4.19. 
 
 
 
Table 4.4: Length and width of the pores and the corresponding pore aspect ratio for the 
different ethanol contents. 
Ethanol content Length [µm] Width [µm] Aspect ratio 
0 240 29 8.3 
5 480 81 5.9 
10 356 77 4.6 
15 387 101 3.8 
20 N/A N/A N/A 
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Figure 4.19: Reduction of growth anisotropy of ice crystals due to the use of additives. 
 
 
 
A phase separation of primary ice crystals and secondary crystals of an ethanol-water peritectic 
could not be proven for ethanol contents up to 15%. However, for 20% ethanol, the bimodal 
pore size distribution in the microstructure is a strong indicator for such a phase separation 
during solidification. When comparing the observed microstructure with the schematic shown in 
Figure 4.10 it appears that the different pore sizes can be explained by the solidification of the 
different phases in different forms. The large pores are template by large primary ice crystals 
which solidify first out of the ternary solution. Next, a metastable peritectic of ethanol and water 
solidifies, creating the small pores in between the large primary crystals. As described 
previously, the dissolved chitosan and the dispersed alumina particles are thereby arranged in 
the spaces between the solidifying phases (the later pores) and are thus templated as a structure 
of large oval pores (large primary ice crystals) embedded in small oval pores (small peritectic 
crystals). The chitosan and alumina-rich regions still include a certain amount of water and 
132 
 
possibly ethanol which is immobilized within the polymer due to vitrification (§3.4.1). It is very 
unlikely that a liquid-liquid phase separation of the polymer and the solvent occurs prior to 
nucleation and growth during solidification. This would result in phases of spherical shape due 
to a reduction of surface energies. Such spherical zones are not observed within the solidified 
structure, thus making a liquid-liquid phase separation prior to freezing highly unlikely. 
The mechanical properties of the different scaffold types are closely correlated to the 
observed structural features. As previously discussed for the chord length distributions, the 
scaffolds can be classified into three different groups according to their mechanical properties, 
too. These groups coincide with the groups determined in §4.2.4. The control scaffolds with the 
smallest measured average lamellar spacing and a high pore aspect ratio (lamellae rather than 
oval pores) possess the smallest mechanical properties. For the scaffolds made with 5, 10 and 
15% ethanol (v/v), the highest mechanical properties were measured. These three scaffold types 
have a similar microstructure with a reduced pore aspect ratio (oval pores) and approximately 
the same average lamellar spacing (~80 µm). The highest ethanol concentration of 20% resulted 
in a breakdown of the homogeneous structure and a bimodal pore size distribution. This 
breakdown of the regular structure was accompanied by a drop in mechanical properties since 
the extremely large pores (large pore axis on the mm-scale) significantly weaken the structure. 
The most remarkable phenomenon among these reported results, however, is the 
increase in mechanical properties by more than 100% through the addition of 5-15% ethanol. 
Such an improvement in mechanical performance for a structure of oval pores compared to a 
lamellar structure was reported in the literature before (Munch et al. 2009). However, the 
authors did not provide any explanation for their results. Going back to the Gibson-Ashby 
model, the increase in mechanical performance can be explained by an increased mechanical 
efficiency of the structure; the architecture is less lamellar and closer to the shape of a 
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honeycomb, because of the decrease in pore aspect ratio. However, a systematic quantification 
of the mechanical properties based on the aspect ratio of pores within a porous structure is still 
missing in the literature. One approach to determine the mechanical performance origins in the 
buckling of plates as it is for example described by Timoshenko (Timoshenko and Gere 1961). 
For a plate with length l, height h and thickness t, which is simply supported along its vertical 
and horizontal edges, the critical buckling load Pcr is given as (Figure 4.20): 
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Thus, Pcr does not include a direct influence of h anymore, however, h is taken into account in 
the factor k, which depends on the ratio of h/l. For h/l > 1, k ≈ 4. 
 
 
 
 
Figure 4.20: Plate of length l, height h and thickness t under compression through the load P. 
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With this, Côté et al. derived an expression for the buckling load Pcr of an individual 
wall within a square honeycomb in compression (Côté et al. 2004): 
 
l
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They further report that these mechanical properties are insensitive to the boundary 
conditions at the vertical edges for h/l > 3. For a square cell with side length l, the buckling 
stress σcr is derived from the sum of the buckling loads of the involved cell walls and the cross-
sectional area of the cell as: 
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for plastic buckling. G and Gt are the shear moduli of the material during elastic or plastic 
buckling, respectively, and t is the wall thickness of the cells within the honeycomb-like 
structure. The authors further report that for porosities below 96.5%, the honeycomb-like 
structures fail by plastic buckling. 
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A similar expression for elastic buckling of a hexagonal cell is reported by Gibson and Ashby: 
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where l1 and l2 are the side lengths of the hexagonal honeycomb as shown in Figure 4.21. 
 
 
 
 
Figure 4.21: Hexagonal honeycomb as described by Gibson and Ashby (Gibson and Ashby 
2001). 
 
 
 
To take into consideration the rectangular cell shape with the lateral dimensions l (long pore 
axis) and w (small pore axis) as obtained in our study, a modified equation for elastic buckling 
was established: 
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which depends on the aspect ratio and the wall thickness of the cells. Figure 4.22 shows a 
rectangular cell and the dimensions l, w and t. In analogy, an equation for the critical load in the 
case of plastic buckling when G = Gt could be derived: 
 
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Figure 4.22: Schematic of rectangular cell within the honeycomb-like structure. 
 
 
 
Assuming a constant shear modulus G or Gt for the different scaffold types made from the same 
wall material, all parameters outside the parentheses in Equations 4.7 and 4.8 are constants. 
Therefore, the magnitude of the buckling stress scales only with the term in parentheses, thus 
the expression of the cell wall thickness and the long and short pore axes. For the pore 
dimensions presented in Table 4.5, a cell wall thickness can be calculated for the different 
scaffold types in dependence of the overall porosity of 92% and the cell size expressed by the 
cell area (l × w). The values listed in Table 4.5 allow us to compute the term in parentheses of 
Equations 4.7 and 4.4 and to determine the relationship between the buckling stresses for the 
different types of honeycomb-like structures created in this study. Since the samples made with 
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20% ethanol did not show a homogeneous structure anymore and no mean aspect ratio could be 
determined, this sample type was not evaluated. 
 
 
 
Table 4.5: Pore dimensions l and w, calculated cell wall thickness t and the value for the term in 
parentheses of Equation (4.7) in dependence of the ethanol content, as well as the respective 
mechanical properties. 
Ethanol 
content 
[%] 
Length 
l 
[µm] 
Width 
w 
[µm] 
Area 
A 
[µm2] 
Thickness 
t 
[µm] 



  2
3
2
3
lw
t
wl
t
 
Yield 
strength 
[MPa] 
Young’s 
modulus 
[MPa] 
0 240 29.6 7110 2.11 5.00E-05 0.41 ± 0.06 36.1 ± 6.0
5 480 81.4 39056 5.57 6.35E-05 0.88 ± 0.19 56.1 ± 6.6
10 356 76.9 27384 5.06 7.48E-05 1.00 ± 0.25 58.8 ± 9.2
15 387 101.0 39087 6.41 8.40E-05 1.12 ± 0.14 59.3 ± 5.5
20 N/A N/A N/A N/A N/A 0.70 ± 0.12 42.0 ± 5.4
 
 
 
From these considerations, the variation of the buckling stress for the different scaffold 
types could be determined as the ratio of the values in the third to right column in Table 4.5. In 
comparison to the scaffolds made without ethanol, for 5, 10 and 15% ethanol, this ratio is 1.27, 
1.50 and 1.68. For comparison, the values determined through mechanical testing possess the 
ratios of 2.15, 2.44 and 2.76. Thus, the calculated trend for the buckling stress correctly 
describes the measured trend in yield strength with changing pore geometry even though the 
measured values do not exactly match the calculated ones. Nevertheless, these mechanical 
considerations allow us to theoretically explain the increasing mechanical performance with a 
decreasing cell aspect ratio in combination with an increased cell wall thickness. Figure 4.23 
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shows Young’s modulus and the yield strength in dependence of the pore aspect ratio. Both 
Young’s modulus and the yield strength increase with a decreasing pore aspect ratio. 
 
 
 
 
Figure 4.23 Young’s modulus and the yield strength of the different scaffold types in 
dependence of the aspect ratio. 
 
 
 
At first glance, it might not seem intuitive that the mechanical properties increase with 
an increasing lamellar spacing since it has been shown for the different freezing rates that a 
smaller lamellar spacing resulted in enhanced mechanical properties. However, when plotting 
the wall thickness and the aspect ratio against the lamellar spacing, we notice that with the 
addition of ethanol, the aspect ratio decreases with an increasing lamellar spacing, while the 
wall thickness increases (Figure 4.24). Thus the increasing mechanical properties are less 
correlated to the increased lamellar spacing but rather to the decreased aspect ratio combined 
with an increased lamellar wall thickness. 
In summary, the mechanical performance of freeze-cast hybrid scaffolds can be 
significantly improved for a given overall porosity through a decrease in pore aspect ratio 
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combined with an increased cell wall thickness. These changes in pore morphology are 
achieved through the addition of small amounts of ethanol (< 15 vol%). 
 
 
 
 
Figure 4.24: Wall thickness and aspect ratio plotted against lamellar spacing as measured for 
scaffolds made with varying amounts of ethanol. 
 
 
 
4.3 Effect of Overall Porosity on Mechanical Properties 
Notable is that by controlling the freezing front velocity and the addition of ethanol to the 
slurry, both pore size and shape can be varied at a given constant overall porosity. Additionally, 
the performance of the scaffolds can be influenced by varying the overall porosity. According to 
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the Gibson-Ashby model presented in Chapter 2, the mechanical properties of the porous 
material scale directly with the overall porosity: the higher the porosity, the lower the 
properties. This was investigated by increasing the amount of polymer or the amount of both the 
polymer and the ceramic within the freezing slurries for a chitosan-alumina platelet hybrid 
scaffold. In this experiment, all slurries were frozen at 1°C/min. As shown in Figure 4.25, a 
control scaffold (A) was frozen with chitosan content of 0.24 g and an alumina content of 2.7 g. 
A second scaffold type (B) was produced with an increased amount of chiotsan (0.5 g) while 
keeping the ceramic loading constant (2.7 g). The third scaffold type (C) had both the chitosan 
loading and the ceramic content increased resulting in a composition of 0.5 g chitosan and 3.8 g 
of alumina. The corresponding volume ratios of the dry solid are listed in Table 4.6. 
 
 
 
Table 4.6 Solid volume fraction of the three different scaffold types. 
Scaffold type Volume fraction alumina 
[%] 
Volume fraction chitosan 
[%] 
Porosity 
[%] 
A 77 23 92 
B 63 37 90 
C 70 30 87 
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Figure 4.25: Yield strength plotted against Young’s modulus for increasing polymer or 
polymer-ceramic contents. 
 
 
 
The yield strength versus Young’s modulus plot of Figure 4.25 shows that the 
mechanical properties of the hybrid scaffold can be considerably increased through a decrease 
in porosity. With a decrease by 5%, the yield strength was tripled, while Young’s modulus 
increased by a factor of 2.5. Interestingly, the mechanical properties were equally increased 
though the addition of polymer or polymer and ceramic. As shown by the comparison in Figure 
4.26, a decreasing porosity brings the produced hybrid scaffolds into a porosity range for which 
mechanical properties have been reported in the literature. However, the mechanical properties 
obtained for this sample type are higher than the published ones, to date. Thus an exceptionally 
high performance per unit weight, or overall porosity, can be achieved with freeze-cast hybrid 
materials (Zhang and Zhang 2001; Kim et al. 2005; Harley et al. 2010; Li et al. 2010). 
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Figure 4.26: Increasing mechanical properties with decreasing porosity due to an increase in 
polymer or polymer-ceramic content (orange symbols). 
 
 
 
In this chapter, it was shown that the structure and the mechanical properties of freeze-
cast hybrid scaffolds can be controlled both with the applied freezing rate and the associated 
freezing parameters as well as the use of additives. The mechanical performance of the 
scaffolds was changed through a variation of both the scaffolds’ geometry and porosity. In 
terms of the Gibson-Ashby model, this corresponds to a variation of the pore morphology and 
the relative density. These are two of the three main factors influencing the properties of porous 
structures. The third factor, a variation of the wall material and properties is investigated in the 
next chapter.  
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Chapter 5: Composite Cell Wall Structure and Properties 
Hierarchical Level 2 
 
In this chapter, the mechanical performance of hybrid scaffolds is studied in dependence of the 
size and shape of the ceramic particles used. These variations correspond to a change in the 
properties of the solid from which the honeycombs were made at the second hierarchical level 
of the scaffolds. The microarchitecture of the wall material was altered while the overall 
porosity and the pore shape were kept constant. Thus, in terms of the Gibson-Ashby model, two 
of the three influencing factors (relative density, pore morphology) were kept constant while 
one was varied (wall material). In the first part of the chapter, spherical particles of various sizes 
are compared; in the second half, a different, plate-like particle shape is evaluated. 
5.1 Spherical Particles 
To analyze the influence of different particle sizes on the performance, hybrid scaffolds were 
made from spherical alumina particles of three different particle size distributions: small 
particles (S) with an average diameter of 400 nm, large particles (L) with a diameter of 10 µm 
and a bimodal particle size distribution (B) of the small and large particles in a ratio of 7:3 
(large:small). Scaffolds were freeze-cast as described in §3.5.3 at two freezing rates of 1°C/min 
and 10°C/min. 
5.1.1 Sample Composition 
The three different types of slurries were produced as described in § 3.5. For all samples, the 
same amount of alumina particles (2.7 g) were suspended in 10 mL of chitosan-gelatin solution. 
All three sample types were frozen at the two different cooling rates of 1°C/min and 10°C/min. 
Their dry density was 0.298 ± 0.013 g/cm3. The average porosity of the scaffolds was 
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determined from the relative density and found to be 91 ± 0.8%. The exact porosities of the 
individual scaffold types are given in Table 5.1, the relative densities can be found in Table 5.2.  
5.1.2 Sedimentation 
When freeze casting slurries including particles which are dispersed within a liquid carrier, it is 
important to consider the sedimentation of particles over time. Sedimentation results in density 
gradients along the height of the samples. While in some cases density gradients provide an 
advantage for structural integration or the realization of interfaces, usually homogeneous 
structures are required and sedimentation poses a problem. According to Stokes’ law, the speed 
of sedimentation of particles due to their own weight and gravity depends on two competing 
forces: a drag or friction force FF and a buoyancy force FB, which act in the opposite direction 
of gravity FG which is pulling the particle down (Figure 5.1). 
 
 
 
 
Figure 5.1: Force balance at a particle dispersed in a liquid media. FF is a frictional drag force 
acting against gravity. FB is a buoyancy force acting in the same direction as FF and FG is 
gravity, pulling the particle downwards. 
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When these forces are in balance, a constant sedimentation velocity vS is reached: 
 2)(
9
2 grv LPS 
  . 5.1 
In this expression, ρP and ρL are the densities of the particle and the liquid, respectively, µ is the 
viscosity of the liquid, g the gravitational constant and r the radius of the suspended particle. 
Because the particle radius influences the sedimentation velocity quadratically, a particle with 
double the radius sediments four times faster. The viscosity influences the sedimentation only 
linearly, resulting in half the sedimentation velocity for a liquid with double the viscosity. Such 
considerations are important because of the need to compensate for an increased particle radius 
with a higher viscosity of the liquid medium. The other important factor is the freezing time. 
For high cooling rates, sedimentation is less significant than for low cooling rates as the slurries 
are solidified so fast that the effects of sedimentation are negligible. Nevertheless, the basic 
correlations between freezing time, viscosity, density and particle diameter determine the 
structure and homogeneity of freeze-cast structures. 
5.1.2.1 Calculation 
Both alumina and hydroxyapatite particles were used in this study. These had diameters of 
400 nm and 10 µm (alumina), and 2.3 µm (hydroxyapatite), and a density of 4 g/cm3 and 
3.14 g/cm3, respectively. The viscosity of the gelatin-chitosan solution was determined to be 
68.9 mPa s, the pure chitosan solution had a viscosity of 101.4 mPa s. With these values, 
the sedimentation velocity for the small alumina particles in chitosan-gelatin solution 
was calculated to be 3.7910-9m/s, which corresponds to 13.6 µm per hour. For the 
large particles, the sedimentation velocity was calculated to be 2.3710-6 m/s, which 
corresponds to 8.53 mm per hour. The hydroxyapatite particles sediment in chitosan 
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solution with a velocity of 6.0610-8 m/s or 0.218 mm/hour. When freezing with a rate 
of 1°C/min, it takes 80 minutes to completely solidify 10 ml of the composite slurry, 
which corresponds to a sample with a height of 35mm. At a freezing rate of 10°C/min it 
takes 40 min to freeze the same amount of slurry. Thus, sedimentation can be neglected 
in the case of the small alumina particles as well as the hydroxyapatite particles, but has 
to be taken into consideration in the case of large particles. 
5.1.3 Structure 
SEM micrographs of the three different scaffold types reveal significant differences in the wall 
architecture (Figure 5.2).  
 
 
 
 
Figure 5.2: Scanning electron micrographs of composite cell walls of hybrid scaffolds made 
from a) small particles b) bimodal particles c) large particles. Scale bar is 5 µm. 
 
 
 
The size of the small particles is much smaller than the average wall thickness; the 
particles are thus incorporated into the wall structure, glued together by the polymeric matrix 
(Figure 5.2 a). Between 5 and 15 layers of particles form the walls with typical mean cell wall 
thicknesses in the range of 2 to 7 micrometers. In the case of the large particles, the cell walls 
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consist only of one particle layer (Figure 5.2 c). They are incased and interconnected by a 
polymer membrane. The walls made from the bimodal composition are a combination of the 
two (Figure 5.2 b). The polymer membrane between the large particles includes several layers 
of small particles and the wall thickness is smaller in comparison to the small particle scaffolds 
because of the smaller amount of small particles that have to be accommodated within the walls 
(Table 5.1). 
 
 
 
Table 5.1: Wall thickness in dependence of the particle size and freezing rate as determined 
with scanning electron microscopy. 
Freezing rate Alumina particle 
size 
Overall 
porosity [%] 
Average Wall thickness 
[m] 
1°C/min 400 nm 91.4 ± 0.1 5.79 ± 1.06 
1°C/min 
30:70 
400 nm : 10µm 90.8 ± 0.1 3.12 ± 0.67 
1°C/min 10µm 90.5 ± 0.2 0.55 ± 0.38 (polymer film) 
    
10°C/min 400 nm 91.8 ± 0.1 2.79 ± 1.00 
10°C/min 
30:70 
400 nm : 10µm 
90.9 ± 0.1 2.09 ± 0.20 
10°C/min 10µm 90.2 ± 0.1 0.32 ± 0.06 (polymer film) 
 
 
 
While the walls of the small particles exhibit a brick-and-mortar structure of small 
particles glued together by the polymeric phase, the walls incorporating the large particles 
resemble beads on a string: the flexible polymer membrane between the ceramic particles 
encases and connects them. The SEM micrographs of Figure 5.2 indicate that there is a 
significant amount of porosity included within the small particle walls as there is not enough 
polymer glue to completely fill the interstitial spaces. Such porosity does not exist in the 
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polymer membrane between the large particles. Also, the bimodal composition has porosity in 
the walls, but to a lower extent than walls composed of only small particles. The wall structure 
and the porosity within it will be further investigated in §5.1.6. 
5.1.4 Mechanical Properties 
As expected, the addition of alumina particles to the chitosan-gelatin scaffold enhances the 
mechanical properties significantly. The measured moduli and strengths are summarized in 
Table 5.2. For a freezing rate of 1ºC/min, the modulus increased by a factor of at least four, 
while the yield strength was at least three times larger. At 10ºC/min, the modulus of the particle 
reinforced scaffolds was at least seven times and the yield strength three times larger than the 
pure polymer. These results are not surprising because a ceramic phase is added which, with a 
modulus of 370 GPa and a strength of 260 MPa, is significantly stiffer and stronger than the 
polymer that has a modulus of 1.5 GPa and a strength of 53 MPa (Shackelford and Alexander 
2000; Hunger 2010). Additionally, the scaffold porosity decreased, on average, from 96.7% to 
90.8%. 
These results illustrate by how much the mechanical properties of a highly porous 
polymer scaffold can be improved through the homogeneous incorporation of a ceramic filler. 
The change in material composition was easily realized: the ceramic particles were just added to 
the polymer solution and the created composite slurry frozen in one step. 
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Table 5.2 Mechanical properties and relative density of the alumina composites frozen at 
bottom plate cooling rates of 1ºC/min and 10ºC/min. The variation of the relative density was in 
all cases 0.001. 
Freezing 
rate 1ºC/min 10ºC/min 
Alumina 
particle 
size 
Relative 
density 
Young’s 
modulus 
[MPa] 
Yield 
strength 
[MPa] 
Relative 
density 
Young’s 
modulus 
[MPa] 
Yield 
strength 
[MPa] 
-  0.62 ± 0.23 0.036 ± 0.009  1.01 ± 0.33 0.057 ± 0.012 
400 nm 0.086 2.62 ± 0.75 0.100 ± 0.018 0.082 7.08 ± 3.53 0.157 ± 0.061 
30/70 
400 nm, 
10µm 
0.092 9.63 ± 1.61 0.244 ± 0.044 0.091 20.05 ± 2.45 0.346 ± 0.023 
10µm 0.095 14.22 ± 4.36 0.270 ± 0.075 0.098 12.11 ± 2.41 0.240 ± 0.017 
 
 
 
Through the variation of particle size distribution and freezing rate, the mechanical 
properties were varied over a range close to one order of magnitude. The lowest property values 
were a modulus of 2.6 MPa and a yield strength of 0.10 MPa for the small particles frozen at 
1ºC/min while the scaffolds frozen from the bimodal particle slurry at 10ºC/min reached a 
modulus of 20.1 MPa and a yield strength of 0.35 MPa. For the pure polymer as well as the 
small and bimodal particles, the mechanical properties were increased for the faster cooling rate 
while they remained nearly unchanged for the large particles (Figure 5.3). As shown in §4.1, the 
increase in freezing rate resulted in a decreased lamellar spacing. Thus, for all scaffolds but the 
ones made from large particles, the reduced lamellar spacing resulted in an improved 
mechanical performance. It remains unclear, at this point, why the change in structure hardly 
affected the mechanical properties of the large particle scaffolds. However, two general trends 
can be observed: the mechanical properties of the composite scaffolds increase with a 
decreasing lamellar spacing; and an increasing average particle size increases the mechanical 
performance of the particle enforced scaffolds. 
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Figure 5.3: Yield strength plotted against Young’s modulus for scaffolds including different 
particles sizes and size distributions, frozen at two different freezing rates of 1°C/min and 
10°C/min. 
 
 
 
5.1.5 Failure Modes 
Not only the absolute mechanical properties were increased for the larger average particles size, 
but also the shape of the compression curves was different from those of the other compositions. 
Scaffolds made from small particles, had a saw-tooth patterned stress-strain curve, typical for 
brittle cellular solids, while those made from large particles had a smooth plateau region, which 
is typical for porous scaffolds with an elastic-plastic failure (Figure 5.4). The scaffolds 
including the bimodal particles size distribution show a mixed behavior and, depending on the 
height in the sample and the freezing rate, either have a saw-tooth stress-strain curve or a 
smooth plateau. Thus, through variations in particle size, not only the mechanical properties, but 
151 
 
also the failure modes could be controlled. Scaffolds made from small particles failed in a brittle 
manner, scaffolds made from large particles showed elastic-plastic failure. 
 
 
 
 
Figure 5.4: Representative compression curves for scaffolds made from a) small particles and b) 
large particles. As the microstructure indicates, the small particles and the obtained brick-and-
mortar structure result in brittle failure while the large particles and the beads-on-a-string 
architecture lead to elastic-plastic failure. Scale bar is 5 µm. 
 
 
 
The schematic shown in Figure 5.5 illustrates our hypothesis for the observed failure 
based on the structure of the individual lamellae. When the scaffolds are loaded in compression, 
the lamellae within the scaffold bend and buckle due to imperfections in their structure and the 
slight misalignment of the lamellae with respect to the vertical axis. Individual lamellae, as 
shown in Figure 5.5, experience bending induced compressive and tensile stresses. The lamellae 
including small particles behave like a true composite structure in which stresses have to be 
transferred at the interfaces between ceramic particles and polymer matrix. Furthermore, cracks 
can easily propagate through the composite wall along these polymer-ceramic interfaces. In the 
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case of the large particles, the structure is not a true composite but two constituents that are 
joined for load transfer. The thickness of the polymer membrane is much thinner than the 
diameter of the ceramic particle. Furthermore, the large particles with their high stiffness and 
strength would be able to support the larger bending stresses associated with their larger 
diameter. As a result, the walls deform by bending of the polymer membrane until adjacent 
particles touch and interlock, which results in the measured high property values. Thus, the 
composites including large particles are stiff and strong and exhibit elastic-plastic failure. 
This difference in the way in which the composite walls bear the stresses is responsible 
for the either brittle (small particles) or elastic-plastic (large particles) failure of the composite 
scaffolds. It is reflected in the different shapes of the compression curves. 
 
 
 
 
Figure 5.5: Schematic of wall architecture and loading condition. While for the walls including 
the small particles a composite wall is loaded in bending, the two components, namely ceramic 
and polymer are loaded individually during a bending event of the large particle walls. 
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5.1.6 Porosity Measurements 
To investigate the hypothesis that differing amounts of porosity are included within the walls of 
the different composites, nitrogen sorption experiments with the Brunauer-Emmett-Teller 
(BET) method were conducted on the different scaffold types. Through the adsorption of 
nitrogen molecules on the surface of a material, the specific surface area of the material can be 
calculated from the amount of adsorbed species, which forms a monolayer of the adsorbate 
(nitrogen molecules) on the adsorbent (surface of specimen of interest). With this technique, not 
only specific surface areas but also pore size distributions can be determined when assuming a 
spherical pore shape of nanopores within the structure. Depending on the partial pressure 
needed to adsorb nitrogen molecules within such pores, the pore size can be calculated. The 
results for the different composite types and freezing rates are shown in Figure 5.6. In all 
scaffolds, pores with a diameter of 3 nm were found. While the scaffolds incorporating the large 
particles exhibit only this one peak in the pore size distribution, the small particles result in a 
broad range of pore sizes within the scaffold. The bimodal particles exhibit a pore size 
distribution profile which falls between those of the small and the large particles. They have a 
limited amount of pores larger than 3 nm. These differences in pore size distribution were found 
independently of the freezing rate (Figure 5.6 a and c). The variations in pore size distribution 
further resulted in a significantly different cumulative pore volume (Figure 5.6 b and d). For 
both freezing rates, the walls of the small particle scaffolds possess about 5 times the pore 
volume of the scaffold walls made from large particles. This pore volume is accumulated by 
pores with pore diameters between 2 and 40 nm and is thus found within the walls of the porous 
composites. Linking this cumulative pore volume to the volume of solid material found in the 
composite scaffolds, this leads to a wall porosity of 3%, 5% and 14% for the large, bimodal and 
small particles, respectively. 
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Figure 5.6: Pore size distributions and cumulative pore volume of the different composites for 
freezing rates of a, b) 1ºC/min and c, d) 10ºC/min as determined through nitrogen sorption. 
 
 
 
5.1.7 Comparison with Mechanical Models 
Comparing experimental results with model estimates, it can be determined if the properties of 
the scaffolds fall within the expected range or if they fall significantly short due to factors that 
were not yet considered. Shown in Figure 5.7 is the approach taken in this study to estimate the 
modulus of the scaffolds. It is a three-step calculation, which 1) models Young’s modulus of the 
composite according to the Reuss model, 2) estimates the wall modulus with respect to the 
included wall porosity following the Gibson-Ashby model for an equiaxed foam, and 3) gives a 
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range for the scaffold modulus which should fall between the Gibson-Ashby model of an 
equiaxed foam and a honeycomb made from the porous composite material: 
1) The literature value for the Young’s modulus of alumina is 370 GPa (Shackelford and 
Alexander 2000), that of the chitosan-gelatin used in this study is 1.5 GPa. It was determined in 
tensile tests on thin films in our laboratory. According to Equation 2.6, the composite modulus 
was estimated to be 5.93 GPa for a mineral volume content of 75% in the cell wall solid. 
2) Using the wall porosities that were determined by BET, as described in §5.1.6, the cell wall 
modulus could be estimated according to the Gibson-Ashby model for an equiaxed foam (§2.4). 
The values ranged from 4.4 GPa to 5.5 GPa and are given in Table 5.3. 
3) As the overall pore volume V0 of the scaffolds is known from density measurements based on 
mass and volume of the scaffolds, the remaining micro-pore volume in the scaffolds can be 
determined by subtracting from it the volume of the nanopores. With this remaining 
interlamellar micropore volume, the porosity in the lamellar structure can be computed. This is 
the porosity used in the Gibson-Ashby model with which a modulus for the composite scaffolds 
can be estimated for either an equiaxed foam (lower bound) or a honeycomb (upper bound). The 
values are 40 MPa (S), 49 MPa (B), and 57 MPa (L) in the case of an equiaxed foam and 
419 MPa (S), 512 MPa (B), and 563 MPa (L) in the case of a honeycomb (Table 5.3). 
 
 
 
  
156 
 
Table 5.3: Comparison of Young’s moduli computed with a three-step model approach and the 
measured moduli of the composite scaffolds. 
Particle 
size/type 
Composite 
Modulus 
Reuss 
model 
[GPa] 
Cell wall 
modulus 
Equiaxed 
foam 
[GPa] 
Scaffold 
modulus 
Equiaxed 
foam 
[MPa] 
Scaffold 
modulus 
Honeycomb 
[MPa] 
Measured 
average 
Scaffold 
modulus 
[MPa] 
Small 5.93 4.39 40 419 4.8 
Bimodal 5.93 5.32 49 512 14.8 
Large 5.93 5.54 57 563 13.2 
 
 
 
The experimental values listed in the far right column of Table 5.3 fall below the range 
of equiaxed foams and honeycombs calculated with the three-step approach. This clearly 
indicates that there is an additional weakening influence present in the freeze-cast hybrid 
scaffolds. Nanoporosity within the composite walls significantly influences the mechanical 
properties, as shown in the calculations, but its detrimental influence is not large enough to 
explain the low performance of the produced hybrid scaffolds. However, porosity within the 
scaffold walls was only determined through nitrogen sorption, which does not allow for a 
detection of pores larger than 40 nm. Mercury porosimetry would allow for a determination of 
the micron-sized porosity in between the lamellae and could thus be used to quantify the 
amount of microporosity within the scaffold. By subtracting this microporosity and the BET-
determined nanoporosity from the overall porosity, the “missing” wall porosity could be 
calculated, which would allow to explain the decreased mechanical performance. Nevertheless, 
the calculations confirm that the lower mechanical properties of the small particle composite 
are, to a large extent, due to the significant amount of wall porosity.  
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Figure 5.7: Schematic showing the three-step approach to model Young’s modulus of the 
scaffolds. 1) The composite material follows the Reuss model for a particle enforced polymer. 
2) The incorporation of nanoporosity was considered using the Gibson-Ashby model for an 
equiaxed foam. 3) The properties of the freeze-cast scaffold should fall between an equiaxed 
foam and a honeycomb made from the nanoporous composite. 
 
 
 
5.1.8 Comparison to Literature 
The highest mechanical properties were reached in this study with bimodal spherical particles 
were a modulus of 20 MPa and a compressive yield strength of 0.35 MPa. The porosity of the 
stiffest and strongest scaffolds was on average 91% and the alumina content in the polymer-
ceramic composite was 75 vol%. To the best of our knowledge, no mechanical properties for 
simply “glued” freeze-cast polymer-ceramic hybrid scaffolds have been reported in the 
literature, to date, and little information can be found for freeze-dried polymer-ceramic foams or 
composite foams produced in a comparable fashion and at comparable porosities. In summary, 
for a porosity of 85%, Harley et al. report a Young’s modulus of 0.76 MPa and a compressive 
strength of 0.09 MPa for collagen-glycosaminoglycan-calcium phosphate scaffolds (Harley et 
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al. 2010).  For the same porosity of 85%, Kim et al. report a modulus of 4 MPa obtained with 
collagen-hydroxyapatite scaffolds (Kim et al. 2005). Scaffolds made from chitosan with either 
hydroxyapatite or β-tricalcium phosphate are reported to achieve a compressive strength 
between 0.1 and 0.3 MPa and a modulus of up to 3 MPa (Zhang and Zhang 2001; Li et al. 
2010). Porosities for these scaffolds ranged from 83 to 87%. The Young’s modulus of the 
composites in our study exceeds these reported moduli by about one order of magnitude while 
the yield strength is higher by a factor of 1.2 in comparison to the reported values, and that at a 
porosity which is at least 4 %-points higher (Figure 5.8). In most of the studies reported in the 
literature, the mineral content in the composite material was lower, which makes a direct 
comparison difficult, even though the mineral has, as we found, little influence on the polymer 
dominated mechanical performance of hybrid scaffolds. 
Nevertheless, through the choice of the particle size of the ceramic filler and directional 
solidification, we were able to not only exceed the mechanical values reported in the literature 
for similar structures but, more importantly, it was possible to custom-design the mechanical 
properties ranging from a level similar to the reported ones to a level of about one order of 
magnitude higher. 
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Figure 5.8: Mechanical properties as obtained with the scaffolds in this study (black) compared 
to values reported in the literature for similar composite scaffolds which were not prepared by 
freeze casting. 
 
 
 
5.1.9 Discussion 
In this study, we report the creation of a porous hybrid material through freeze-casting. Freeze 
casting of ceramic particles dispersed in polymer solutions allows for the fabrication of a 
composite material in a one-step technique that does not require any post-processing like 
sintering, infiltration or coating. A homogeneous distribution of ceramic particles within the 
composite scaffolds is achieved, resulting in a reproducible mechanical performance. 
It was shown that the particle size of the filler material within the highly porous hybrid 
scaffolds significantly affects the mechanical performance. Through a mere variation of the 
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particle size, the Young’s modulus and the yield strength could be varied from 2.6 MPa to 
20.1 MPa and between 0.1 MPa and 0.35 MPa, respectively, thus within a range of nearly one 
order of magnitude. This range in mechanical properties was achieved without changing the 
volumetric composition of the constituents for the very same materials, and at a constant overall 
porosity. While at the first level of hierarchy, the lamellar spacing and the pore shape was 
unaltered, the changes in performance were achieved, at the second level of hierarchy, through 
variations in the design of the composite cell walls. In the case of the small particles, with 
diameters similar in size to the thickness of the polymer membrane, a brick-and-mortar structure 
was created. The particles were glued together by the polymeric phase and about 10 to 15 
particles made up the thickness of the composite wall. In the case of the large particles, a beads-
on-a-string arrangement was observed in which only one layer of particles was incorporated in 
the polymer membrane. These differences in the wall architecture not only affected the strength 
and stiffness of the scaffolds but furthermore determined the failure modes of the structures. 
The small particles resulted in a brittle behavior, whereas the large particles led to elastic-plastic 
deformation. 
With BET experiments, nanoporosity within the walls was identified as another 
important structural feature governed by the particle size. For the small particles approximately 
five times the porosity than that for the large particles was measured. This second level porosity 
significantly influenced the mechanical performance of the wall material and with it, the 
mechanical properties of the porous scaffolds. With a three step mechanical model, it was 
further possible to parallel the experimental findings of porosity on two hierarchical levels. 
Nevertheless, the measured mechanical properties fall significantly below the theoretical 
estimates for the mechanical performance of the hybrid scaffolds. An explanation can most 
likely be found in the presence of additional porosity within the cell walls. The SEM 
micrographs in Figure 5.2 indicate the presence of pores with a diameter on the sub-micrometer 
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scale, however, BET measurements can only detect pores with a diameter ranging from 1 to 
40 nm. We therefore expect that there is a significant amount of porosity present, composed of 
pores with a diameter above 40 nm, which additionally weakens the cell walls and lowers the 
mechanical properties of the scaffolds. 
A comparison of the experimentally determined structure-property correlations to 
values reported in the literature is striking: mechanical properties spanning the complete range 
of reported values were achieved in our study, all for a constant overall porosity. This porosity 
was larger than any porosity reported by other researchers and despite our higher porosity the 
freeze-cast hybrid scaffolds still reached higher mechanical properties. However, the strength of 
the freeze casting process for materials manufacture is not only the achievement of superior 
mechanical properties, but the precise control of the mechanical properties over a wide range to 
obtain a tailor-made mechanical performance for a given application. 
5.2 Platelets 
The use of platelets instead of spherical particles was motivated by the attempt to mimic, within 
the cell walls, the microstructure of nacre, which consists of layers of highly aligned ceramic 
platelets glued together by a polymeric phase. Because nacre combines high stiffness, strength 
and toughness, extraordinary property combinations can be achieved. Highly porous scaffolds 
like the ones produced in this study by freeze casting contain only a small amount of load-
bearing material to provide mechanical stability and would thus particularly benefit from such 
nacre-like wall material with enhanced mechanical properties.  
5.2.1 Shear Lag Model 
The exceptional mechanical properties of nacre currently receive much research attention, but 
are still not fully understood. Researchers have been trying to mimic the architecture of nacre to 
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derive mechanical models and investigate the mechanical performance. One widely accepted 
model to explain the mechanical behavior of nacre was published by Gao et al. (Gao et al. 
2004). It is based on a force balance at an individual platelet as shown in Figure 5.9 and 
assumes that the stiff and strong mineral platelets are loaded by normal stresses in tension, 
while the load between platelets is transferred through the polymer phase via shear stresses. The 
tensile stress increases linearly towards the middle of the platelet and reaches a maximum at 
x = 0.5. In this configuration, the maximum stress σm is correlated to the shear stress in the 
polymer τp as: 
 
pm    , (5.2) 
where the aspect ratio η of the mineral platelet can be calculated from the thickness t and the 
length l of the platelet as: 
 
t
l
 
. (5.3) 
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Figure 5.9: Force balance for an individual mineral platelet in nacre under load as proposed by 
Gao et al. (Gao et al. 2003; Gao et al. 2004). 
 
 
 
Neglecting tensile stress within the polymer, the average stress σ in the composite can be 
calculated as:  
 
pm VVσσ 2
1
2
1   , (5.4) 
V being the volume fraction of mineral platelets in the composite. 
The average strain ε in the composite can be expressed as: 
 
l
VVtpm /)1(2  
 
, (5.5) 
Where Δm is the extension of the mineral platelet and εp the shear strain in the polymer. 
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Knowing that: 
 
l
EE mmmm
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2
 (5.6) 
and: 
 
p
p
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 
 
 (5.7) 
an estimate for the stiffness of the composite Ec can be determined, with Em being Young’s 
modulus of the mineral platelet and Gp being the shear modulus of the polymer: 
 
mpc VEVG
V
E
1)1(41
22   . (5.8) 
Similar to the Reuss model, the weaker constituent dominates in the Gao model. 
However, as in the Halpin-Tsai model, the aspect ratio of the embedded platelets plays an 
important role and compensates for the low modulus of the polymeric matrix phase. 
Figure 5.10 shows a graphical representation of the different models discussed above, 
including the Reuss and Voigt model as well as the Halpin-Tsai model. While the solid blue line 
describes the Halpin-Tsai model for a spherical particle, the dashed line shows the behavior for 
a composite including plate-like particles (§2.1.2). The properties were calculated for alumina 
platelets with a thickness of 400 nm and a diameter of 10 µm; the dimensions of the platelets 
used in this study. Young’s modulus of the alumina platelets Em was taken to be 370 GPa while 
Young’s modulus Ep and the shear modulus Gp of chitosan-gelatin were assumed to be 
1.5 GPa and 150 MPa, respectively. The moduli as calculated by the Gao model lie above the 
values calculated with the Reuss model or the Halpin-Tsai model for spherical particles. 
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However, the values for plate-like particles determined with the Halpin-Tsai approach fall 
significantly above the values calculated with the Gao model. 
 
 
 
  
Figure 5.10: Young’s moduli of a composite made from an alumina filler and a chitosan-gelatin 
matrix as calculated with different mechanical models. 
 
 
 
5.2.2 Sample Composition 
To test weather stiffer hybrid structures could be made from platelets, scaffolds were produced 
as described in Chapter 3 with alumina platelets as the ceramic phase. Platelet hybrid scaffolds 
were frozen at 1°C/min and 10°C/min to match the fabrication process of the scaffolds made 
with spherical particles. The dry composition was the same as for the spherical particles and 
166 
 
porosities of 91.5 ± 0.1% and 91.6 ± 0.1% were obtained for freezing rates of 1°C/min and 
10°C/min, respectively. 
5.2.3 Hypothesis 
Our research endeavor was driven by the hypothesis that directional solidification could align 
platelet-shaped particles into a nacre-like structure during freeze casting. The hypothesized 
platelet-alignment is shown in the schematic of Figure 5.11 and shows how the high aspect ratio 
particles were expected to align in the direction of the temperature gradient, parallel to the 
growth direction of the ice lamellae. 
 
 
 
 
Figure 5.11: Schematic showing the hypothesized platelet alignment during directional 
solidification. 
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5.2.4 Scaffold Structure 
The freeze-cast scaffolds were found to indeed possess a lamellar structure with composite cell 
walls of highly aligned alumina platelets glued together by the polymeric phase (Figure 5.12). 
The lamellar spacing was the same as previously determined for the scaffolds including 
spherical particles with 28 µm for a freezing rate of 10°C/min and 34 µm for a freezing rate of 
1°C/min. In all SEM images, the nacre-like arrangement of the platelets in the walls is evident, 
however, due to cutting damage, several lamella show rugged edges with platelets or small 
pieces of the lamellae that were pushed over the interlamellar spaces. 
 
 
 
 
Figure 5.12: Cross-section of freeze-cast scaffolds perpendicular to the freezing direction 
showing the high degree of alignment of the platelets in the composite walls. 
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A comparison of all investigated types of composite scaffolds, thus scaffolds made from 
small and large particles, a bimodal particle distribution and platelets, is shown in Figure 
5.13 a–d. Figure 5.13 d illustrates that several platelets are incorporated within the width of the 
wall, making up a thickness of 5 to 10 platelets. As discussed in §5.1.3, the particle size is the 
factor that determines how they are incorporated within the composite wall. While the large 
particles are basically incorporated as a monolayer, the platelets are thin enough so that a few of 
them can be glued together by the biopolymer to make up a wall. A similar behavior had been 
shown for the small particles. 
 
 
 
 
Figure 5.13: Comparison of all investigated types of composite cell walls: small, bimodal, large 
particles and platelets (from left to right). Scale bar is 5 µm. 
 
 
 
5.2.4.1 Focused Ion Beam Cross-section 
While the SEM images of the wire-cut cross-sections showed the general alignment of platelets, 
the damage of the cut partly obscured the real microstructure of the lamellae. Especially for the 
lateral dimension of the lamellae and the degree of platelet-alignment within the cell walls, no 
reliable statements could be made. A non-destructive method like X-ray microtomography 
would have been desirable at this point, but unfortunately does not provide enough resolution to 
resolve individual platelets. To still be able to investigate the micro-architecture of the lamellae 
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and the arrangement of platelets within the pore walls, a focused ion beam (FIB) system was 
used to mill a window into a single lamella. The Ga+ beam current of the FIB (Strata DB235, 
FEI Company, Hillsboro, OR, USA) was set to 50 pA and an accelerating voltage of 30kV was 
used. The window within the lamella is shown in Figure 5.14 a, while Figure 5.14 b shows a 
close-up of the cross-section, revealing the arrangement of platelets and the thickness of the 
lamella. The platelet-composite walls, indeed, possess the desired nacre-like arrangement of 
highly aligned platelets glued together by the polymeric phase. As estimated from the SEM 
images the wall has a thickness of approximately ten platelets. 
 
 
 
 
Figure 5.14: Focused ion beam cut through an individual lamella showing the high degree of 
alignment of the platelets and the nacre-like arrangement within the composite walls. 
 
 
 
5.2.5 Mechanical Properties 
5.2.5.1 Parallel to Freezing Direction 
Young’s modulus and yield strength 
For both freezing rates, the platelet composites significantly outperformed all other composite 
scaffolds made from spherical particles in terms of modulus and strength. Figure 5.15 shows 
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that at 1°C/min, the platelet scaffolds possessed a modulus of 27.44 MPa and a yield strength of 
0.338 MPa which was 93% stiffer and 25% stronger than the strongest scaffold made from 
spherical particles. For 10°C/min, the platelet scaffolds had a Young’s modulus of 45.14 MPa 
and a yield strength of 0.723 MPa which was 125% and 109% higher, respectively, than the 
values reached by the strongest composite incorporating spherical particles. 
 
 
 
 
Figure 5.15: Yield strength and Young’s modulus of composite scaffolds incorporating small, 
bimodal and large spherical particles as well as platelets. The red symbols show the 
performance for scaffolds frozen at 1°C/min, the blue symbols represent scaffolds frozen at 
10°C/min. 
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Toughness 
Nacre is particularly valued for its high toughness, which it combines with high stiffness and 
strength. Thus, when evaluating the performance of a nacre-like structure, it is essential to 
analyze also the material’s toughness. For this comparison, toughness was determined, as is 
commonly done for natural materials and porous structures, as the area underneath the stress-
strain curve which represents the energy per volume absorbed by the structure (Figure 5.16). 
The area underneath the curve was determined up to a strain of 60% for all materials to 
minimize the error due to densification. A value of 60% strain had been determined as the onset 
of densification for all investigated scaffolds and thus allowed for a “fair” comparison of the 
different composite types. 
 
 
 
 
Figure 5.16: Typical stress-strain curve of hybrid scaffolds. Young’s modulus was determined 
from the initial linear region of the curve while the yield strength was taken as the stress at 
which the material left the linear region and the slope of the curve changed significantly. 
Toughness was determined as the area under the stress-strain curve up to a strain of 60%. 
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In terms of toughness, the platelet scaffolds, again, outperformed all other hybrid 
scaffolds. At 1°C/min, the platelet scaffolds possessed a toughness of 0.213 MJ/m3 which was 
39% larger than that obtained by the toughest scaffold made from spherical particles. For 
10°C/min, the same trend was observed; the porous platelet composites achieved a toughness of 
0.376 MJ/m3 which was 121% tougher than the largest value obtained with spherical particles 
(Figure 5.17). As seen for Young’s modulus and the yield strength, the scaffolds with the small 
particles possessed the lowest toughness, while the bimodal and large particles reached 
intermediate values. 
 
 
 
 
Figure 5.17: Toughness obtained with the different scaffold types plotted against the achieved 
Young’s modulus. 
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5.2.5.2 Perpendicular to Freezing Direction 
The Gibson-Ashby model predicts that honeycomb structures possess higher stiffness and 
strength compared to equiaxed foams. However, this is only the case for the honeycomb’s 
strong direction which is in the direction of the long pore axis. The architecture of the 
honeycombs thus results in a specialization of the mechanical performance for this one strong 
direction. When, in contrast, both these porous structures are loaded in a direction 90° to the 
original loading direction, the outcome for Young’s modulus will be reversed: the equiaxed 
foam still achieves the same modulus since its architecture is isotropic and hence possesses the 
same mechanical properties in all directions. The honeycomb, however, is less stiff when tested 
in-plane and its modulus falls below the one of the equiaxed foam. When tested perpendicular 
to the long pore axis, also the strength of the honeycomb is significantly lower than in the 
parallel loading case. For plastic bending and brittle crushing, the honeycomb’s perpendicular 
strength falls below the strength of the equiaxed foam; for elastic buckling the honeycomb’s 
strength falls slightly above the one of the equiaxed foam. Following this approach it could be 
hypothesized that the nacre-like wall structure represents another level of specialization of the 
architecture for one strong direction. If this was the case, the porous composites including 
platelets would result in the weakest mechanical performance when tested from the side, in the 
weak direction of the honeycomb-like structure. 
To investigate this, all different types of composites were tested perpendicular to the 
solidification direction, too. The results are shown in Figure 5.18. Interestingly, the platelet 
hybrid scaffolds still outperformed all other composites including spherical particles. At a 
freezing rate of 1°C/min, the platelet composite possessed a modulus of 4.56 MPa and a 
strength of 0.071 MPa, which was 153% stiffer and 58% stronger than the strongest scaffold 
with spherical particles. For 10°C/min, the platelet scaffolds achieved values of 9.29 MPa and 
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0.151 MPa for Young’s modulus and yield strength, respectively, which was 7 times stiffer and 
5 times stronger than the values reached with spherical particles. 
As a result, the nacre-like walls result not only in the best mechanical performance 
when investigated in the strong direction, but also when tested perpendicular to it, in the “weak” 
direction of the honeycomb. The ratio of anisotropy between the two directions is 6.0 for the 
platelet scaffold frozen at 1°C/min and 4.9 for the platelet scaffold frozen at 10°C/min. For the 
spherical particles, this ratio of anisotropy was significantly higher, ranging from 8.0 to 16.5. 
Thus, the platelet scaffolds do not only possess the best mechanical performance in both 
direction, but they also have the lowest ratio of anisotropy. Hence, they are optimized for 
loading conditions parallel to the freezing direction, but still provide considerable lateral 
strength and stiffness. 
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Figure 5.18: Young’s modulus and yield strength for the porous hybrid materials including 
small, bimodal and large particles as well as platelets. The platelets achieve the highest stiffness 
and strength while the small particles possess the lowest values. 
 
 
 
5.2.6 Comparison to Mechanical Models 
Similar to the calculations in §5.1.7, Young’s moduli of the investigated scaffolds can be 
modeled with a three step approach. Unlike the calculations for the scaffolds containing the 
spherical particles, according to the Reuss model, the Gao model can be used to determine a 
composite modulus for the nacre-like wall material. With this value, a modulus of the 
nanoporous wall material can be estimated by applying the Gibson-Ashby model for an 
equiaxed foam. Finally, the highly porous scaffold can be modeled by a second-step Gibson-
Ashby approach in which the scaffold is modeled as a micro- and macro-porous equiaxed foam 
or honeycomb (Figure 5.19). 
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Figure 5.19: Schematic showing the three step approach to model the mechanical performance. 
1) The composite material follows the Gao model for a particle enforced polymer. 2) The 
incorporation of nanoporosity was considered using the Gibson-Ashby model for an equiaxed 
foam. 3) The properties of the freeze-cast scaffold should fall between those of an equiaxed 
foam and those of a honeycomb made from the nanoporous composite. 
 
 
 
Young’s modulus of alumina is 370 GPa, whereas chitosan’s modulus is 1.5 GPa. A rule-of-
thumb estimation for the shear modulus of the polymer Gp states: 
 
10
p
p
E
G  , (5.9) 
where Ep is Young’s modulus of the polymer. Thus, Gp can be determined to be 150 MPa. The 
aspect ratio of the used alumina platelets η is 25 and the ceramic volume fraction V is 0.75. 
Using Equation 5.8, the modulus of the nacre-like hybrid material is calculated as 
Ec,Gao = 44.3 GPa. For the platelet composites, the nanoporosity within the cell walls was 
determined through nitrogen adsorption to be 9%. The wall modulus of the nanoporous nacre 
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can thus be calculated to be 36.5 GPa. For the remaining micro porosity within the structure, the 
modulus of the lamellar hybrid scaffolds can be estimated with the Gibson-Ashby model for an 
equiaxed foam or a honeycomb. The model yields a range of values for the modulus from 
321 MPa to 3.42 GPa in which the properties of the fabricated platelet scaffolds should fall. 
Table 5.4 shows that the experimentally determined moduli for the platelet scaffolds fall 
significantly below this estimated range of properties and thus confirm our understanding of the 
nano- and microstructure of the scaffolds. For comparison, the same calculations were carried 
out starting with the Reuss model for the nacre-like walls instead of the Gao model. While the 
experimentally determined moduli of the platelet scaffolds fall within the estimated range for 
both the Reuss and the Gao model, none of the scaffolds made from spherical particles fall 
within the estimated range of the Gao model (Table 5.4, compare §5.1.7). This confirms the 
superior mechanical performance of the nacre-like walls obtained in the platelet scaffolds. 
 
 
 
Table 5.4 Model calculations for the modulus of the platelet scaffolds, starting from a hybrid 
modulus determined with the Gao model or the Reuss model, respectively. For both model 
approaches, the created scaffolds fall below the estimated range of properties. At the bottom, 
the moduli for the composites made from spherical particles as determined in §5.1.7 are listed. 
Model 
type 
Modulus of 
fully dense 
composites 
[GPa] 
Wall 
modulus 
Equiaxed 
foam 
[GPa] 
Scaffold 
modulus 
Equiaxed 
foam 
[MPa] 
Scaffold 
modulus 
Honeycomb 
[MPa] 
Experimentally 
determined 
average 
Scaffold 
modulus 
[MPa] 
Gao 44.3 36.5 321 3422 36.38 
Reuss 5.93 4.88 42.9 458 36.38 
Small 5.93 4.39 40 419 4.8 
Bimodal 5.93 5.32 49 512 13.2 
Large 5.93 5.54 57 563 14.8 
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Figure 5.20 a shows a graphical presentation of the relative moduli of the hybrid 
scaffolds plotted against their relative density. The relative modulus for each scaffold type was 
calculated by dividing the measured modulus by the calculated wall modulus of the composite 
cell walls with the inclusion of nanoporosity. It can be seen that all composites except the one 
including small particles, frozen at 1°C/min, fall between lines of slope 1 and 3. Such behavior 
is typical for cancellous bone, especially for relatively low densities (relative density ~0.1) as 
shown in Figure 5.20 b. When comparing Figure 5.20 and Figure 2.16, it should be noted that 
the bottom line had a slope of 3 and not 2 as predicted by the theory for equiaxed foams. As 
mentioned in §2.4, empirically determined moduli of equiaxed foams fall below this line and 
even anisotropic, honeycomb-like structures can deviate and fall significantly below the line of 
slope 1 (Gibson and Ashby 2001). 
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Figure 5.20: a) Relative Young’s modulus of the hybrid scaffolds plotted against their relative 
density. The experimentally determined moduli fall between lines of slope 1 and 3. b) Relative 
Young’s modulus plotted against relative density for cancellous bone (Gibson 2005). The 
properties also fall between lines of slope 1 and 3 and for a relative density of 0.1 resemble the 
mechanical performance of the freeze-cast hybrid scaffolds. 
 
 
 
5.2.7 Comparison to Literature 
Adding the mechanical properties of the platelet scaffolds to the graph presented in §5.1.8, it is 
evident that they significantly extend the range of possible mechanical properties to higher 
values (Figure 5.21). Through the use of platelets, the range of mechanical values is increased 
by more than 100% at a porosity of ~91%, which is at least 3 percentage points higher than 
porosities of scaffolds presented in the literature. This further supports our success in the 
production of highly porous hybrid scaffolds whose mechanical properties can be custom 
designed for a given application. 
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Figure 5.21: Comparison of mechanical properties as obtained in this study (black) compared to 
value reported in the literature. The red square indicates the properties achieved by the platelet 
hybrid scaffolds. 
 
 
 
5.2.8 Discussion 
The results shown above illustrate that we were able to successfully create highly porous hybrid 
scaffolds, which possess nacre-like walls of aligned platelets glued by a polymeric phase. This 
structure was clearly observed through SEM and further confirmed by FIB sectioning. FIB-
sectioning offered the great advantage that the platelet-arrangement within individual lamellae 
could be observed and the thickness of the lamellae evaluated. Since SEM imaging was 
performed on cut surfaces, the results were influenced by cutting damage to the lamellae. In 
contrast, the results obtained through FIB sectioning were unaffected by this macroscopic 
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damage. Thus, through FIB sectioning it was possible to investigate the unaltered 
microstructure of the lamellae which is present in the produced porous nacre. 
The high degree of order and alignment as observed within the structure is remarkable 
and has not been reported for a three-dimensional bulk material, yet. While research on the 
mechanical performance of nacre has increased significantly over the last 20 years, the success 
of biomimetic approaches to emulate the brick-and-mortar structure of nacre was limited. Only 
few studies about the fabrication of artificial nacre have been published to date in the literature 
and they all fall short in comparison to the natural material. The processing methods used were 
either very time consuming and cumbersome, they did not result in a real bulk material but 
rather a two-dimensional thin film or they could not successfully achieve the same length scale 
and hierarchy of nacre (Tang et al. 2003; Bonderer et al. 2008; Munch et al. 2008). 
We achieved a real self-assembly process through the freeze-casting of microscopic 
ceramic platelets in a polymer solution. With our method, it was possible to fabricate porous 
three-dimensional structures with wall material that possesses the desired nacre-like brick-and-
mortar structure. While this method is fast and effort-less, it further facilitates the translation of 
principles successfully shown for nacre-like thin films to a porous three-dimensional bulk 
material. These platelet scaffolds possess superior mechanical properties when compared to 
similar scaffolds made from spherical particles. With a Young’s modulus of 45 MPa and a yield 
strength of 0.72 MPa, they outperform all other investigated scaffold types in terms of stiffness, 
strength and toughness and thus confirm that our biomimetic porous nacre successfully 
emulates the mechanical concepts of nacre. 
Theoretical considerations including the Gao model confirm that the nacre-like wall 
structure results in superior mechanical properties. However, as discussed in §5.1.9, also the 
experimentally determined mechanical performance of the nacre-like hybrid scaffolds falls 
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below the theoretical estimates. Again, this can be explained by a considerable amount of 
porosity within the cell walls with pore sizes above 40 nm which was not considered in the 
calculations. This is supported by the SEM micrographs shown in Figure 5.14. 
While the freeze-cast scaffolds have a directional structure with one preferred, strong 
direction, as inherent to its honeycomb-like architecture, the samples further outperform all 
other investigated scaffolds when tested in the “weak” direction, perpendicular to the direction 
of alignment. The ratio of anisotropy thus achieved by the platelet composites is in the range of 
4.9 to 6 which is significantly lower than the rate of anisotropy measured for scaffolds with 
spherical particles. A natural porous material with aligned platelets in a polymer matrix, 
cancellous bone, has a ratio of anisotropy between 3 and 10 (Gibson 1985; Hodgskinson and 
Currey 1992). Hence, the structural and mechanical anisotropy of natural cancellous bone were 
successfully emulated in our porous nacre. 
5.3 In Situ Investigation of Platelet Alignment 
The achieved platelet self-assembly is remarkable; however, the underlying mechanisms are yet 
to be fully understood. To be able to investigate the structure formation in situ, we used a 
custom-made linear freezing stage as shown in Figure 5.22. It allows for the creation of a 
desired temperature gradient by reducing the temperature of one or both copper blocks. Within 
each copper block, there exists a slot-like opening in which two microscope slides can be 
inserted to expose them to the adjusted temperature. Slurries and solutions can be added into the 
gap between the microscope slides to obtain a film with a thickness of several hundreds of 
micrometers. This setup is similar to a Hele-Shaw cell in which the directional solidification of 
the liquid between the microscope slides can be realized along the applied temperature gradient. 
This directional solidification is similar to the solidification as obtained in freeze casting and 
can be observed through high resolution optical microscopy (resolution is ~0.5 µm). 
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Figure 5.22: Linear Freezing stage with liquid nitrogen connection. Sample slurries are 
introduced between two microscope slides and inserted into the temperature controlled copper 
blocks. The travelling freezing front was observed under a high resolution stereo microscope. 
 
 
 
5.3.1 Longitudinal Flow 
To obtain a general idea of the freezing process, chitosan solutions with alumina platelets were 
directionally solidified and observed with a high resolution stereo microscope (Leica M205, 
Leica Microsystems Inc., Buffalo Grove, IL, USA). The concentration was chosen as previously 
described to yield a solid volume fraction of 75% ceramic and 25% biopolymer 
(compare §3.5.2). 
Figure 5.23 shows the observed directional growth of the ice crystals along the 
temperature gradient and the arrangement of the second phase material (chitosan and alumina 
platelets) in the intercrystalline spaces. We were able to observe in situ, how the slushy zone 
within the ceramic-polymer slurry is formed, allowing for diffusion and solute motion until 
complete solidification (compare §4.1.8). Two observations were striking: the lateral growth of 
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the ice crystals and significant longitudinal flow of the material between the ice crystals. The 
first is shown in the sequence of the four images in Figure 5.23. The ice crystals (shown in 
black), protrude through the liquid slurry with a high growth rate along the temperature gradient 
(vertical direction, a-direction of ice crystals). Simultaneously, the ice crystals are subject to 
lateral growth which is visible by the thickening of the black lamellae in the decreasing 
thickness of the white areas between the ice crystals. This lateral growth is significantly slower 
than the longitudinal ice crystal growth and can be explained by the differing growth velocities 
between the a- and c-direction (compare §3.2).  
 
 
 
 
Figure 5.23: Directional solidification of chitosan solutions including alumina platelets. While 
the ice crystals (black) grow more rapidly in the direction of the temperature gradient, they are 
subject to lateral growth perpendicular to the temperature gradient as visible by the increasing 
thickness of the black ice lamellae. Scale bar is 100 µm. 
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Due to the volumetric expansion of water upon solidification and the phase transition to 
ice, the available volume within the intercrystalline regions is constantly reduced. Since the 
slurry of highly diluted acetic acid, chitosan and alumina platelets is still liquid, it is pushed out 
of this region and a longitudinal shear flow parallel to the freezing direction is induced until the 
slurry’s glassy point is reached. This longitudinal flow between the ice crystals could be clearly 
identified in acquired videos and is indicated by the red arrows in Figure 5.24. It is intuitive that 
a platelet with an aspect ratio of 25 will not orient itself perpendicular to the flow but will align 
with its long dimension parallel to the flow due to shear. Similar systems have been investigated 
in the literature and the alignment of plate-like particles under flow has been explained by a 
reduction of the drag force acting on the individual platelets (Clarke 1996). It is further believed 
to reduce the free energy of a system and thus a state of higher alignment is thermodynamically 
more favorable (Onsager 1949; Straley 1974). Analogous results have been obtained from 
density functional theory considerations where platelets exposed to flow close to a wall aligned 
with their platelet normals perpendicular to the flow direction (Harnau and Dietrich 2002). 
Hence, the flow experimentally observed in situ is a major driving force behind the platelet self-
assembly. 
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Figure 5.24: Directional solidification of chitosan-alumina slurry. The red arrows indicate 
longitudinal flow between the ice crystals due to the lateral ice crystal growth and the connected 
volumetric expansion. As a result of the reduction of intercrystalline volume, the still liquid 
material between the ice crystals is subject to longitudinal shear flow. We hypothesize that this 
longitudinal flow is one of the driving forces for the self-assembly of platelets to the observed 
nacre-like arrangement. Scale bar is 100 µm. 
 
 
 
5.3.2 Lateral Ice Crystal Growth 
The alumina platelets with their diameter of 5 to 10 µm and a thickness of 300 to 500 nm were 
below the resolution of the stereo-microscope used for imaging and their alignment could thus 
not be examined in situ. To be able to capture the alignment process, slightly larger plate-like 
particles were required. Hydroxyapatite particles with a plate-like shape as shown in Figure 
5.25 were thus chosen and sieved down with a mesh size of 45 µm. 
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Figure 5.25: Hydroxyapatite particles with a plate-like shape. In the right image, it can be seen, 
that the particles are no solid particles, but themselves consist of numerous little crystals. The 
scale bars are a) 20 µm and b) 2 µm. 
 
 
 
These particles were added to a chitosan solution to obtain a dilute slurry with a solid 
mineral volume fraction of 50%. The slurries were directionally solidified and the particle 
arrangement was captured in videos with the digital camera attached to the stereo microscope. 
The HAp particles had dimensions close to the gap width between the microscope slides so that 
only smaller particles were mobile in the slurry. Larger particles were clamped between the 
microscope slides and could not move. A sequence of the freezing process with observed 
particle alignment is shown in Figure 5.26. Within the red box, there are two particles with an 
initial orientation perpendicular to the growing ice crystals. They are marked with red arrows in 
the first image. As the ice crystals extend in the direction of the freezing gradient (horizontal 
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direction), the high aspect ratio particles align between them until their orientation is parallel to 
the lamellar ice crystals. This alignment can be explained by the lateral growth of the ice 
crystals, too. The lateral growth reduces the available volume between the ice crystals and leads 
to compaction of the intercrystalline material to an assembly that occupies the least space. In the 
case of platelets, this is the nacre-like arrangement. 
 
 
 
 
Figure 5.26: Alignment of plate-like particles with a diameter smaller than 45 µm. In this 
sequence it can be seen that the two high aspect ratio particles (marked with red arrows) align 
parallel to the direction of the temperature gradient as the lamellar ice crystals grow. 
 
 
 
5.3.3 Discussion 
Two mayor factors causing the platelet self-assembly have been identified: Longitudinal shear 
flow between the ice crystals and the lateral ice crystal growth. While the slurries are laterally 
constraint by the mold during the freezing process, any volumetric expansion of the solidifying 
material has to be compensated for by a longitudinal, upwards directed motion within the 
freezing molds. As the fast growing ice crystals protrude through the liquid slurry in the 
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direction of the temperature gradient, water molecules are diffusing out of the polymer to the 
surface of the growing ice crystals. This gradually increases the polymer solution’s viscosity 
until it, ultimately, vitrifies. As a result, the viscosity increases and the platelets, which are 
initially very mobile in the liquid polymer solution, are subject to increasing drag. Critical for 
the platelet self-assembly is the shear flow in the ceramic-polymer composite between the ice 
lamellae paralleling the direction of solidification which is visible during the directional 
freezing process. This shear flow is due to the 9% volumetric expansion of the slurry when the 
water solidifies into ice.  The ice crystals grow in length and width, and the thickness of the 
ceramic-polymer phase between the ice lamellae decreases until the polymer reaches its glassy 
state. Simultaneously, the laterally expanding ice crystals compact the material between the ice 
crystals, which cannot be pushed further upwards due to its high viscosity. 
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Chapter 6: Hybrid Biomaterials by Freeze Casting 
 
One of the long-term goals of the research presented in this thesis is the creation of a 
biocompatible and biodegradable bone tissue scaffold. We, therefore, apply in this chapter the 
principles of material performance and optimization found, earlier, with the model material 
alumina to a scaffold, which is made from biocompatible constituents, namely hydroxyapatite 
(HAp) and chitosan.  
6.1 Motivation 
With the model material, alumina-chitosan-gelatin, we were able to show that hybrid scaffolds 
with an excellent combination of high porosity with high stiffness, strength, and toughness can 
be created. Freeze-cast ceramic-polymer hybrid scaffolds possess a honeycomb-like structure, 
which, in combination with the self-assembled composite wall material, resulted in significantly 
increased mechanical properties at a higher porosity compared to similar composite scaffolds 
reported in the literature. However, the ceramic used in the model material, alumina, is not 
biodegradable and thus not an ideal choice for a biocompatible and bioresorbable bone tissue 
scaffold. Through the choice of a calcium phosphate ceramic as inorganic filler material, this 
can be overcome and a bioresorbable tissue scaffold can be produced (Lickorish et al. 2007). 
Especially HAp and β-tricalcium phosphate (β-TCP) have been widely used and suggested in 
the literature (Eggli et al. 1988; Petite et al. 2000; Li et al. 2002; Ramay and Zhang 2003). 
While β-TCP offers higher degradation rates compared to HAp, bone ingrowth into HAp 
scaffolds was higher than into similar scaffolds made from β-TCP (Shimazaki and Mooney 
1985; Yamada et al. 1997). Due to its ready availability, HAp was used as calcium phosphate in 
our study. 
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6.2 Composition 
For reasons detailed in §§2.5 and 6.1, we selected chitosan and hydroxyapatite as biopolymeric 
matrix and bioceramic filler, respectively, for the manufacture of the bioresorbable hybrid 
scaffolds. We decided against the use of gelatin because of a possible immune response by the 
host when exposed to signaling information retained within the collagen-derived protein. The 
ceramic volume fraction within the dry solid was kept constant at 75% as before in the case of 
alumina. 
For the model material, it had been shown that the platelet-containing scaffolds possessed the 
highest stiffness, strength and toughness. Unfortunately, no calcium phosphate platelets (neither 
HAp nor β-TCP) with the desired dimensions or shape were commercially available or could be 
synthesized in time for this study. The platelet-like HAp particles that were used for the in situ 
freezing observations were not of uniform hexagonal shape and size, but consisted of numerous 
agglomerated small HAp crystals, as shown in Figure 5.25. Additionally, with a particle size up 
to 100 µm, they were too large for the incorporation in a scaffold whose lamellar spacing is on 
the order of several tens of microns. They were thus not suitable for the fabrication of the 
biodegradable hybrid scaffolds and we had to select spherical HAp particles for this part of our 
study. 
As discussed in Chapter 5, the maximum mechanical properties of the model material scaffolds 
made with spherical particles were achieved with either large particles or a bimodal particle size 
distribution, depending on the freezing rate. This was explained by a decreased specific surface 
area and the correlated polymer film thickness with which the particles are coated during 
freezing, and the resulting increased binder effectiveness. Assuming a homogeneous coating, a 
possible polymer film thickness of 223 nm was determined for the large particles, whereas it 
was only 31.8 nm for the bimodal particle size distribution. Thus, to optimize the mechanical 
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performance, a particle size should be chosen which results in a polymer film thickness between 
these two values to maximize the binder effectiveness. With a commercially available HAp 
powder with a d50 of 2.3 µm, this could be achieved. The specific surface area of this powder 
was 0.83 m2/g which resulted in a possible polymer thickness of 132 nm. Utilizing these HAp 
particles, it should thus be possible to achieve mechanical properties similar to those reached 
with the best performing model material including alumina particles. 
6.4 Hydroxyapatite 
Hydroxyapatite is a calcium phosphate mineral and a constituent of many hard tissues like 
dentin, antler and bone. It has the chemical formula Ca5(PO4)3(OH), but is commonly written as 
Ca10(PO4)6(OH)2, which is the formula of the structural unit cell, consisting of two base units. 
HAp possesses a Young’s modulus of 80 GPa and a strength of 100 MPa (Akao et al. 1981). 
Compared to high performance ceramics like silicon carbine, silicon nitride or alumina, with 
moduli in the range of 300–450 GPa and strengths ranging from 300 to 800 MPa, it has a rather 
low Young’s modulus and strength. However, it can be obtained through biomineralization 
processes and is therefore a ceramic that can be produced and structured, as well as resorbed, by 
biological organisms and cells. 
Hydroxyapatite is a highly attractive biomaterial because of its biocompatibility and 
bioactivity which allows it to form strong chemical bonds with natural bone in vivo (Chai and 
Ben-Nissan 1999). It is thus widely accepted as a biomaterial for use in dentistry, orthopedics 
and bone grafts (Cook et al. 1988; Bucholz et al. 1989; Oonishi 1991; Labella et al. 1994). Due 
to its high bioactivity and good integration into the natural bone tissue, it has been successfully 
used as coating of metal implants like femoral stems for hip replacements and artificial tooth 
roots for dental implants (Furlong and Osborne 1991; Le Guéhennec et al. 2007). HAp has 
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further been used as a structural biomaterial on its own, for example in bone scaffolds as shown 
in Figure 6.1 (Li et al. 2002; Simon et al. 2007; Franco et al. 2010). 
 
 
 
 
Figure 6.1: Sintered HAp scaffold produced by solid freeform fabrication (SFF) of HAp-slurries 
(Franco et al. 2010). 
 
 
 
In the vast majority of studies that were published about HAp tissue scaffolds, the 
material was fabricated following ceramic powder processing protocols. These are typically 
completed by a sintering step in which the HAp particles fuse and create a monolithic material 
(Fu et al. 2008). However, one of the biggest shortcomings of HAp is its low fracture toughness 
(KIc = 0.6–1.5 MPam1/2 , compared to bone: KIc = 2–12 MPam1/2), which limits the structures’ 
application to low load bearing ones (Ruys et al. 1995). While nature overcomes this issue 
through the creation of composite materials, in which the ceramic filler HAp is embedded into a 
polymeric matrix, only few scientific studies have been published concerning the manufacture 
of composite tissue scaffolds including HAp. 
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Besides an enhancement of the mechanical performance, the combination of HAp or 
other calcium phosphates with a polymeric matrix also results in an improved cell response. It 
has been shown that through the addition of calcium phosphates to chitosan, for example, the 
bone bonding capabilities were significantly increased (Zhang and Zhang 2004). The 
combination of a calcium phosphate with chitosan is further advantageous for the degradation 
process as such composite material yields neutral degradation products. The basic resorption 
byproducts of the calcium phosphate thereby buffer the acidic resorption products of the 
polymer (Agrawal and Athanasiou 1997), avoiding an unfavorable cell-environment of 
decreased pH. 
It is thus of great potential to create tissue scaffolds in which HAp is not used as 
monolithic material, but in combination with a polymeric phase to create a stiff, strong and 
tough porous composite. This is the approach taken in this study. 
6.3 Modeling of Mechanical Properties 
Assuming that the mechanical performance of the hybrid scaffolds is polymer-dominated as 
shown for the model material (§§5.1.7 and 5.2.6), mechanical properties for the HAp-chitosan 
scaffolds can be estimated. Following the same rationale as presented for the alumina model 
material, the composite wall material (first hierarchical level) can be modeled following the 
Reuss-model for a particle-enforced polymer composite. With a HAp volume fraction of 75% 
and a modulus of 80 GPa, the HAp-chitosan composite has a modulus of 5.7 GPa. It differs only 
slightly from the 5.9 GPa as calculated for the scaffolds including alumina (Table 6.1).  
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Table 6.1 Mechanical properties of composite materials as estimated by the rule of mixture. 
 EM [GPa] EP [GPa] EC,R [GPa] EF [MPa] EH [MPa] 
Hydroxyapatite 370 1.5 5.7 32.1 428 
Alumina 80 1.5 5.9 33.2 443 
 
 
 
This can be explained by the fact that the behavior of the particle-reinforced composites is 
dominated by the weaker phase, which in both cases is a biopolymer with a comparably low 
modulus of 1.5 GPa. At the second level of hierarchy, the Young’s modulus of the highly 
porous hybrid scaffolds can be estimated using the Gibson-Ashby model, either for an equiaxed 
foam or a honeycomb-like structure. For this calculation, the experimentally determined 
porosity of 92.5% was used and the nanoporosity within the walls neglected because of the lack 
of BET measurements for this type of hybrid scaffold. The modulus of the equiaxed foams EF, 
and the honeycomb-like structures EH were calculated to be 32.1 MPa and 428 MPa, 
respectively. For comparison, moduli for the hybrid scaffolds made with alumina particles, 
including the same amount of porosity, are given in Table 6.1. When comparing the two gray 
lines within the two columns on the right hand side of Table 6.1, we find that the estimated 
moduli of the equiaxed foams EF and the honeycomb-like structures EH differ by only 3.5%. 
Thus, even though the modulus of HAp is about four times lower than that of alumina, the 
freeze-cast hybrid scaffolds made from HAp and chitosan should have mechanical properties 
very close to the ones achieved with the earlier described alumina-based model material. 
6.4 Scaffold Preparation 
The bioresorbable hybrid scaffolds were prepared analogous to the model material scaffolds as 
described in §3.5. Briefly, polymer solutions were prepared by dissolving 2.4 g of chitosan in 
100 mL of 1% (v/v) acetic acid in doubly distilled water. The solutions were thoroughly mixed 
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by rolling on a bottle roller for at least 24 hours. Before freeze casting, 18.6 g of HAp powder 
were dispersed in 100 mL of chitosan solution and mixed and degassed in a shear mixer 
(SpeedMixer, DAC 150 FVZ-K, FlackTek, Landrum, SC) for 60 s at a speed of 1600 rpm. For 
freeze casting, 12 mL of the HAp-chitosan slurries were pipetted into PTFE molds, sealed with 
a copper bottom plate and placed on the freeze casting system. The slurries were directionally 
solidified at a freezing rate of 10°C/min to a final freezing temperature of -150°C. The freezing 
rate of 10°C/min was chosen, because in the study with the model material alumina, it had been 
proven to yield superior mechanical properties compared to a freezing rate of 1°C/min. Once 
the samples were completely frozen, they were removed from the PTFE molds with a wooden 
punch and transferred to a lyophilizer (FreeZone 4.5, Labconco, Kansas City, MO), where they 
were kept for at least 48 hours to completely remove the frozen water within the structure. After 
lyophilization, the scaffolds possessed a density of 0.199 ± 0.006 g/cm3 as determined through 
measurements of weight and dimensions. The scaffold’s overall porosity, determined by mass 
and volume measurements, was 92.5 ± 0.2%. 
6.5 Scaffold Structure 
The chitosan-HAp scaffolds possessed the typical lamellar structure that had been observed for 
the model material alumina-chitosan-gelatin (Figure 6.2). The lamellar spacing was determined 
to be 35 µm. Similar to the arrangement of the small alumina particles, the HAp particles were 
incorporated into the cell walls in a brick-and-mortar-like arrangement. Between 1 and 5 
particles made up the thickness of the walls, a range that falls between those observed for the 
small (10) and large alumina particles (1) of the model material. This was expected, since also 
the particle size of the HAp particles (2.3 µm) falls between the particle sizes of the small 
(400 nm) and the large particles (10 µm). 
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Figure 6.2: Cross-section of chitosan-HAp scaffold showing the directional, lamellar structure 
and the particle arrangement within an individual cell wall. 
 
 
 
6.6 Mechanical Properties 
The biocompatible hybrid scaffolds, freeze-cast at 10°C/min, possessed a Young’s modulus of 
20.46 ± 4.10 MPa and a yield strength of 0.30 ± 0.04 MPa. As expected, these mechanical 
properties are very similar to those of the best performing model material scaffolds made from 
spherical particles, which are the ones made with the bimodal alumina particles (Figure 6.3). 
Comparing the particle size of the HAp particles, (d50 = 2.3 µm) with those present in the 
bimodal particle size distribution (small particles: d50 = 400 nm, large particles: ø < 10 µm), we 
find that the HAp particles fall also in the middle of this particle size range. Thus, on average, 
the particle size of the HAp powder is closest to the particle size of the bimodal alumina 
particles and the mechanical properties of the scaffolds made from these particles are closest, 
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too. The observed mechanical performance follows the estimates of §6.3 and confirms that the 
mechanical properties of the hybrid scaffolds are polymer-dominated and little sensitive to a 
variation of the type of ceramic utilized. 
 
 
 
 
Figure 6.3: Young’s modulus and yield strength of the biocompatible Hap-chitosan scaffold 
compared to the mechanical properties achieved with the model material. 
 
 
 
6.7 Comparison with Bone 
Probably the most important way to assess the mechanical suitability of a bone tissue scaffold is 
the direct comparison with the natural, human bone, which it is designed to substitute. 
Unfortunately, not many studies have been published, to date, on the mechanical properties of 
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highly porous (porosity >80%) cancellous bone, most studies focus on cortical bone or 
cancellous bone of low porosities (porosity < 50%). Figure 6.4 shows values for Young’s 
modulus measured for cancellous bone by Hodgskinson and Currey, plotted against the density 
(Hodgskinson and Currey 1992). 
 
 
 
 
Figure 6.4: Young’s modulus measured for cancellous bone plotted against density as reported 
by Hodgskinson and Currey (Hodgskinson and Currey 1992). All specimens below 350 kg/m3 
were of human origin whereas samples with a higher density were obtained from horses and 
bovine sources. The green square indicates the modulus of the biocompatible hybrid scaffolds in 
this study. 
 
 
 
Fully dense cortical bone has a density of ~1900 kg/m3, thus the density range of bones 
presented in Figure 6.4 correspond to a porosity range of 20 to 96%. The green square 
represents the properties of the HAp-chitosan hybrid scaffolds in our study. They are similar to 
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the values reported for human bone of the same density. Thus, with the particle size and shape 
as used for the biomaterial (spherical particles with a diameter of 2.3 µm), mechanical 
properties similar to those of human bone of similar relative density were reached. 
6.8 Discussion 
The study presented here is thought to be the first to investigate the freeze casting of 
biocompatible, glued hybrid scaffolds, rather than sintered ceramic scaffolds, for the use as a 
bone tissue scaffold. As polymeric matrix, the biopolymer chitosan was used while HAp was 
utilized as mineral filler. The mechanical properties of the highly porous composite structure 
were a Young’s modulus of 20.46 ± 4.10 MPa and a yield strength of 0.30 ± 0.04 MPa for a 
porosity of 92.5% and a density of 0.2 g/cm3. These values followed closely the trend 
established with the model material presented in Chapters 5 and 6. When evaluating the 
mechanical performance of the hybrid scaffolds, it may initially seem surprising that the 
scaffolds including the HAp filler, which has a modulus four times smaller than that of alumina, 
can still achieve a Young’s modulus which is in the same range as the one reached with the 
alumina-containing model material. However, it could be shown that in a polymer dominated 
composite structure, the influence of the ceramic filler material is of minor importance. 
Estimating the composite modulus for the model material and the HAp-chitosan scaffolds with 
the Reuss-model, it becomes evident that the values have to fall in the same range. Thus, the 
knowledge gained from the model material could directly be applied to a biocompatible hybrid 
scaffold, which was shown experimentally and explained through theoretical considerations 
based on mechanical models. 
The mechanical properties of the freeze-cast HAp-chitosan composite already fall into the lower 
range of properties measured for natural, human bone. However, the choice of particle sizes for 
the bioceramic particles was limited and, to date, only spherical HAp particles could be 
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investigated. If HAp platelets were available, the mechanical performance could be significantly 
enhanced as shown with the model material. Figure 6.5 illustrates that such enhancement of the 
mechanical properties would bring the scaffolds’ properties right into the center of properties 
reported for natural bone.  
 
 
 
 
Figure 6.5: Young’s modulus of the biocompatible hybrid scaffolds: as measured (red) and as 
predicted by the analogy of the model material for the case of platelet-shaped HAp particles 
(green). Underlying data from Hodgskinson and Currey (Hodgskinson and Currey 1992). 
 
 
 
Furthermore, in comparison to values reported in the literature for other biocompatible bone 
tissue scaffolds, the Hap-chitosan scaffolds perform better at higher porosities than any other 
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reported composite scaffold (Figure 6.6). The fabricated HAp-chitosan hybrid scaffolds are thus 
a promising material for the application as a highly porous, biocompatible and bioresorbable 
bone tissue scaffold.  
 
 
 
 
Figure 6.6: Mechanical properties of the biocompatible hybrid scaffold (dark green) in 
comparison to composite scaffolds reported in the literature and the properties of the model 
material. 
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Chapter 7: Conclusions and Future Work 
 
The results obtained in this study allow us to draw several important conclusions for the 
fabrication of highly porous hybrid scaffolds by freeze casting. While many fundamental 
questions remain, particularly concerning the physics of this production method, first structure-
property-processing correlations could be established. In this chapter, a summary of the key 
findings is presented, followed by suggestions for future work. 
7.1 Conclusions 
7.1.1 Freeze Casting of Hybrid Scaffolds 
The results of Chapters 3–6 show that freeze casting is a promising route to produce composite 
scaffolds by a benign, one-step technique that does not require any post-processing like 
sintering, coating or infiltration. Because aqueous biopolymer solutions and bioceramic slurries 
can be used, it is a very attractive method for the production of tissue scaffolds. By including 
ceramics in the polymer solutions, composite scaffolds with a well-defined, homogeneous 
microstructure can successfully be produced. 
To the best of our knowledge, this is the first systematic study and report on “glued“ 
composites made by freeze casting. These composite scaffolds or hybrid materials could be 
shown to combine high stiffness, strength and toughness. This is in contrast to the freeze-cast 
scaffolds reported in the literature, to date, which are fabricated as a monolithic material and 
consist either of a polymer, or a ceramic, or a metal; most of them were made of ceramic and 
sintered. While such sintered structures are stiff and strong, they suffer from a lack of 
toughness. It was possible with our biomimetic, composite approach to emulate principles of 
structural optimization identified in nature, namely the combination of a ceramic filler in a 
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polymer matrix to achieve the unusual combination of all three, high stiffness, strength as well 
as high toughness. 
The created composite scaffolds represent not only hybrid structures, they also have a 
hierarchical structure, which can be controlled at several length scales. To be able to tailor the 
scaffold’s architecture, the underlying principles of directional solidification were investigated. 
It could be shown that the properties for a given density could be varied by more than a 
magnitude, through changes in composition, processing conditions and additives. The resulting 
honeycomb-like structures had interconnected porosity and were highly anisotropic with a 
strong direction of superior mechanical properties compared to an equiaxed foam made from 
the same material. 
7.1.2 Control of Macrostructure 
Two levels of the hierarchical microstructure were considered: the porosity and pore shape at 
the first level, and the cell wall material at the second. At the first level, the lamellar spacing 
and thus the pore size could be controlled though the freezing parameters, such as the freezing 
front velocity, which determines the local cooling rate. The lamellar spacing ranged from 27 to 
35 µm for cooling rates of 10 and 1°C/min, respectively. Particularly the variation in lamellar 
spacing was shown to significantly influence the mechanical properties of the freeze-cast 
scaffolds. For example, by reducing the lamellar spacing in the hybrid scaffolds by 20%, the 
Young’s modulus was increased by up to a factor of 2.7, and the yield strength and toughness 
by up to a factor of 2.1. 
 Also through additives, the freezing behavior could be changed. Demonstrated was how 
ethanol modifies the macrostructure at a given freezing rate. The lamellar spacing was varied in 
the range from 30 µm to 190 µm, and the mechanical properties were increased by more than a 
factor of two. More importantly, however, the aspect ratio of the pores was reduced with the 
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addition of ethanol resulting in less elongated pores than observed without ethanol. Aspect 
ratios decreased from 8.3 to 3.8 with an increase in ethanol content from 0–20 vol%. To 
quantify these structural changes in a systematic way, tomography was paired with objective, 
statistical image processing and analysis to obtain measurements of the pore width and length. 
A thorough understanding of such structure-property-processing correlations makes the 
fabrication of tailor-made scaffolds possible. 
7.1.3 Control of Microstructure 
At the second level of hierarchy, the mechanical properties of the scaffold could be varied over 
nearly one order of magnitude at a constant composition through the use of different particle 
sizes and shapes of the ceramic filler material, which determined the cell wall properties. 
Scaffolds made from small particles had the lowest strength and stiffness, while scaffolds made 
from large or bimodal particles possessed the highest stiffness and strength. The various particle 
sizes resulted in distinctly different wall structures, which either resembled a brick-and-mortar 
structure or a beads-on-a-string arrangement. Depending on this structure, the composite walls 
included varying amounts of nanoporosity within the lamellae (3 to 15%) with pore sizes in the 
range from 3 nm to 35 nm. The amount of nanoporosity was independent of the lamellar 
spacing (macroporosity) and thus independent of the applied cooling rate. The two levels of 
porosity can be controlled independently; the first by processing conditions, the second through 
materials choice and composition. While it was shown that the nanoporosity lowers the 
mechanical performance, as expected, it provides an increased surface area within the scaffolds. 
The different particle sizes and distributions also resulted in differing failure modes. 
Scaffolds made with small particles exhibited a brittle failure behavior, whereas scaffolds made 
from large particles failed in an elastic-plastic manner. These different failure modes can be 
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explained by both the included porosity and the described arrangement of particles and polymer 
within the cell wall structure. 
Through an increase in polymer or ceramic content, thus a reduction in porosity, the 
mechanical properties could be further significantly improved, as expected. This further 
enlarged the range within which the mechanical performance could be varied. In comparison to 
values reported in the literature for similar composite scaffolds, these freeze-cast scaffolds were 
5 to 10 times stronger or stiffer, respectively.  
7.1.4 Nacre-like Wall Material 
Through self-assembly during directional solidification, it was possible to fabricate hybrid 
scaffolds with a nacre-like wall structure. This wall structure was composed of highly aligned 
ceramic platelets glued together by a polymeric phase. As hypothesized, this variation in 
particle shape, resulted in considerably increased mechanical properties. For the same overall 
porosity, both Young’s modulus and the yield strength could be doubled, when tested parallel to 
the lamellae. Perpendicular to the strong direction, the platelet scaffolds were 7 times as stiff 
and 4.5 times as strong as the strongest and stiffest scaffolds made from spherical particles. 
Thus, the scaffolds with nacre-like walls significantly outperformed scaffolds with the same 
porosity and ceramic-polymer content. With a nacre-like structure, the platelet scaffolds also 
had the highest toughness among the investigated scaffolds. This confirms our hypothesis that a 
nacre-like wall structure results in a combination of high stiffness, strength and toughness at 
extremely high porosities (>90%). 
The anisotropy ratio between the mechanical properties parallel and perpendicular to 
the solidification direction was found to be 4.9 to 6 for the scaffolds including platelets. This 
anisotropy is in the range of natural human bone with values between 3 and 10. For spherical 
particles, the ratio of anisotropy was up to 16 which is far above that of natural bone. Thus, the 
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use of ceramic platelets in a polymer matrix allows for an emulation of the mechanical 
anisotropy of human bone. 
Through in situ observations, it was further possible to shed light on the platelet 
alignment through self-assembly during the freezing process. Two main factors responsible for 
the platelet self-assembly could be identified: 1) Longitudinal flow between the solidifying ice 
crystals induced alignment of platelets by shear and 2) the lateral ice crystal growth combined 
with the volumetric expansion of ice upon freezing led to compaction and parallel arrangement 
of the intercrystalline material. These findings offer a promising tool for composite design in 
general, since a high-aspect-ratio filler phase within a composite can be self-assembled and 
aligned during the production process. 
7.1.5 Biocompatible Scaffold 
Based on the structure-property-processing correlations found for the model material, a 
biocompatible hybrid scaffold was prepared from hydroxyapatite and chitosan. Even though a 
calcium phosphate was used instead of the high performance ceramic alumina, the mechanical 
performance followed the trend determined with the model material. This is because of the 
dominance of the weaker polymeric phase in such composites. The freeze-cast tissue scaffolds 
for bone regeneration exhibited mechanical properties higher than the values reported in the 
literature for similar biomaterials, even though the freeze-cast hybrid material had a higher 
porosity. Compared to natural, cancellous human bone, the mechanical properties of the 
scaffolds were in the lower reported range, also because of their high porosity. However, as 
shown with the model material, at the same overall porosity and pore size, these mechanical 
properties could be significantly enhanced, if plate-like HAp particles were available.  
208 
 
7.2 Directions for Future Work 
7.2.1 Macrostructure 
Lacking at this point are observations of the performance of the material during a mechanical 
test. The effect of lamellar misalignment with the loading direction is unknown but thought to 
be of significant influence. Future studies should include video-extensometry as well as in situ 
mechanical testing in an SEM and X-ray tomography set-up to explore this systematically. 
Additionally, specimens should be cut out of the solidified freeze-cast structures with a slight 
tilt to the vertical axis to determine the mechanical properties over a range of tilting angles. 
Investigations of this kind could provide useful insight into the shear-resistance of the scaffolds 
and how it could be improved through, for example, a reduced pore aspect ratio and an 
increased number of bridging between adjacent lamellae. Another interesting aspect is the 
influence of the domain size in the freeze-cast structures within which the lamellae are parallel. 
We hypothesize that a decreased domain size results in an increased shear resistance, too, thus 
enhancing the mechanical performance of the scaffolds. To date, no systematic investigation of 
this phenomenon has been reported nor a mechanism to control the domain size. Another 
possibility to control the domain size could be a templating of the bottom of the freezing mold 
through pure ice crystals of certain orientations and sizes that are grown before the actual freeze 
casting takes place. 
To investigate the underlying phenomena during solidification of ethanol slurries and to 
confirm the hypothesis of the nucleation of primary ice crystals and secondary peritectic 
crystals of ethanol and water, differential scanning calorimetry (DSC) coupled with X-ray 
diffraction (XRD) could be performed. If the hypothesis is correct, the phase transitions should 
be detected with DSC and the number of the present phases should be shown in the XRD 
spectra. 
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7.2.2 Microstructure 
At the second hierarchical level, where the cell wall properties are controlled, a secondary level 
of porosity was observed that ranged from 3 to 15%, depending on the particle size. However, 
nitrogen sorption does not allow for a detection of pores with a diameter larger than 40 nm. 
SEM images indicate the presence of larger pores which would also explain the decreased 
mechanical properties of the freeze-cast scaffolds. Thus, additional investigations with mercury 
porosimetry for example should be performed to better understand the pore size distribution 
within the scaffold. 
The cell wall porosity further results in an increased specific surface area of the 
scaffolds, which most likely has a considerable effect on the cell attachment. The size of 
particles also results in a different roughness of the lamellae within the porous structure, which 
could affect the interactions of cells with the scaffold, too. Thus, it would be of great interest to 
investigate the effect of the particle size on the cell attachment, proliferation and cytotoxicity in 
vitro. 
A study of the effect of different particle sizes and polymer contents would be of great 
interest because the observed differences in mechanical properties are strongly correlated to the 
amount of polymer within the scaffold walls, which controls the load transfer between the 
particles. An increased polymer content is expected to result in higher stiffness and strength. 
7.2.3 Nacre-like Wall Material 
The platelet self-assembly offers great potential for the alignment of particles with a high aspect 
ratio. We hypothesize that similar alignment will also be achievable with rod-like structures 
such as ceramic whiskers or carbon nanotubes. However, it might be the case that the observed 
self-assembly is limited to a specific length scale below which the alignment by shear cannot be 
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realized anymore. Future research should thus comprise efforts on other particle geometries and 
sizes. In situ observations in a cryo-SEM or dynamic experiments in an X-ray diffraction setup 
provide additional information about the alignment of dispersed particles, as could be shown in 
preliminary experiments. 
7.2.4 Biocompatible Scaffold 
One focus of future research in the field of bone tissue scaffolds should be the synthesis of 
plate-like HAp particles for nacre-like cell walls in a freeze-cast tissue scaffold. As shown for 
the alumina platelets, the mechanical properties of scaffolds with nacre-like walls are 
significantly improved parallel and perpendicular to the solidification direction. With HAp 
platelets, it should be easy to move the properties into the range of medium density cancellous 
bone. 
As a next step, the cell response to the chitosan-HAp material should be investigated in 
vitro to assess the cell attachment, the proliferation on the composite material and its 
cytotoxicity. First studies could be performed on 2D films to identify the material’s 
biocompatibility before moving on to 3D scaffolds to investigate the addition influence of the 
scaffold structure on the cell response. Such experiments on the 3D scaffolds will help identify 
an optimal pore shape or size to foster cell ingrowth and proliferation within the scaffold, which 
will have to be the benchmark for future in vivo studies. However, because of the opacity of the 
material, imaging of cells within the 3D structures is difficult to conduct and evaluate. Most 
microscopy techniques do not allow to reliably identify cells deep within the porous structures 
and thus it is very complicated to correctly assess the success of the various structures. 
Nevertheless, in a next step, the shape and structure of the 3D scaffolds have to be considered, 
too. 
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7.2.5 Nuclear Fuel Pellets 
Freeze-cast ceramics and metals possess great potential for the use as scaffolds in nuclear 
reactor pellets. Since the structural features of the freeze-cast scaffolds can be custom-designed, 
the pore size and shape can be carefully controlled to realize a desired thermal management. 
Freeze-cast scaffolds further allow for a well-defined placement of the fuel in the host 
(scaffold), as cell wall thickness and overall porosity within the scaffolds can also be controlled; 
both these factors determine the distribution and density of fuel within the fuel pellets. Thus, 
fuel pellets can be custom designed to match the requirements of a specific type of reactor and 
reactor design (Somers and Fernandez 2006). These requirements include, but are not limited to, 
isotope production, fuel breeding or actinide burning as well as criticality. 
7.3 Summary 
This thesis is thought to be the first report of the application of the freeze casting process to 
polymer-ceramic slurries as a method to produce highly porous hybrid materials for the use as, 
for example, bone tissue scaffolds. Through variations of the applied freezing rate, the addition 
of ethanol, the change of particle size and shape, differing amounts of overall porosity as well as 
the choice of materials, a large variety of structures and properties were obtained. The structure-
property-processing correlations that were established for a model material composed of 
alumina in a chitosan-gelatin matrix were successfully applied to a biocompatible scaffold 
composed of hydroxyapatite and chitosan. As shown in Figure 7.1 and Figure 7.2, this new 
class of materials fills a gap in the materials space of technical materials, including ceramics, 
metals and polymers, in terms of specific Young’s modulus and specific yield strength at a very 
high porosity. Freeze casting is ideally suited for the custom-design of porous materials to 
satisfy the design requirements posed by a specific application (e.g. biocompatible materials), 
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and a directed self-assembly of particles into a composite material with a honeycomb-like 
architecture.  
 
 
 
 
Figure 7.1: Specific strength plotted against specific modulus for engineering materials 
including polymers, metals and ceramics as well as composites. The three marked groups of 
materials are 1) Polyethylene foams 2) Cork and leather  3) Polyurethane and phenolic foams. 
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Figure 7.2: Specific strength and specific modulus of the hybrid scaffolds fabricated in this 
study in comparison to engineering materials and bone (cancellous and compact). 
 
 
 
When comparing Figure 7.1 with Figure 7.2, it becomes apparent that our fabricated 
scaffolds fill a gap in the materials space in the region of the materials numbered with 1, 2 and 3 
(synthetic polymer foams, cork and leather). While there exists a gap in the property space, in 
general, there exists an even more important gap in the case of biocompatible materials. The 
materials that lie in the property region of cancellous bone, namely polyethylene foams, cork, 
leather, polyurethane foams, phenolic foams, woods and other synthetic polymers are not 
biocompatible and cannot be used for the application as tissue scaffolds. The listed materials 
further do not provide the desired structure: they neither possess interconnected porosity nor 
significant amounts of porosity at all. Thus, freeze-cast materials fill gaps with respect to all 
three criteria, the material, the structure and the properties, which results in the great promise 
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that the freeze casting process allows for a successful creation of bone tissue scaffolds for the 
replacements of highly porous cancellous bone, for example.  
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